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ABSTRACT OF THE DISSERTATION 
 
Ice core records of ethane and acetylene for use as biomass burning proxies 
By 
Melinda Renee Nicewonger 
Doctor of Philosophy in Earth System Science 
University of California, Irvine, 2019 
Professor Eric Saltzman, Chair 
 
  Biomass burning plays a major role in atmospheric chemistry, carbon cycling, and 
climate. To understand and better predict how biomass burning may change in the future, it is 
important to investigate how biomass burning has varied in the past. Proxy records of biomass 
burning over long time periods are necessary to identify the link between biomass burning and 
climate. This information is needed by Earth system models to make accurate projections about 
future climate change and biomass burning.   
 In this dissertation, new ice core measurements are used to reconstruct biomass burning 
variability over the last 2,000 years. The trace gases ethane and acetylene are released to the 
atmosphere during biomass burning events. New analytical techniques utilizing a wet-extraction 
method coupled with gas-chromatography and high-resolution mass spectrometry analysis were 
developed to measure these gases in polar ice cores. The abundance of ethane and acetylene were 
measured in ice cores from Summit, Greenland, West Antarctic Ice Sheet (WAIS) Divide, 
Antarctica, and South Pole, Antarctica.  
xv 
 
 The ice core ethane and acetylene records exhibit similar temporal variability over the 
2,000-year period. Over Greenland, little variability is observed in the ethane and acetylene 
levels. Over Antarctica, they both decline substainitally after 1500 CE, ethane by roughly 30% 
and acetylene by 50%. Using chemistry transport modeling, this decline in Antarctic ethane and 
acetylene was attributed to a decline in biomass burning emissions in the non-boreal (tropical) 
biome, rather than the boreal forests, from the warmer Medieval Period to the cooler Little Ice 
Age. 
 My study presents the first millennial scale record of these trace gases in polar ice cores 
and demonstrates that long-term paleo-climate records from these reactive, trace-level gases are 
attainable. The results show spatial and temporal variability in biomass burning emissions which 
were likely driven by climate. More work is needed to extend these records further back in time 
to periods where there is less influence by human activity and where there is a broader range of 
climatic variation in order to fully tease apart and quantify the climatic, rather than human, 
controls over fire in order to aid in validation of Earth system models. 
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CHAPTER 1 
 
Introduction  
Includes excerpts from: 
M. R. Nicewonger, K. R. Verhulst, M. Aydin, E. S. Saltzman, “Preindustrial atmospheric ethane 
levels inferred from polar ice cores: A constraint on the geologic sources of atmospheric ethane 
and methane,” Geophysical Research Letters, (2016) 
M. R. Nicewonger, M. Aydin, M. J. Prather, E. S. Saltzman, “Large changes in biomass burning 
over the last millennium inferred from paleoatmospheric ethane in polar ice cores,” Proceedings 
of the National Academy of Sciences, (2018).  
1.1 Overview of this thesis 
 Fires emit large amounts of carbon-containing gases to the atmosphere. These include the 
two most radiatively important gases, carbon dioxide (CO2) and methane (CH4), as well as many 
other reactive trace gases such as carbon monoxide (CO) (Andreae and Merlet, 2001; Agaki et 
al., 2011). CO and CH4 both react readily with the hydroxyl radical (OH) thus reducing the 
overall oxidative capacity of the atmosphere. Additional gases released from fires, including 
nitric oxide and hydrocarbons, react and lead to high levels of tropospheric ozone, a pollutant 
with serious health effects for humans (Crutzen and Andreae, 1990). Globally, fire emissions 
released on average roughly 2.2 Pg C (1015 g) to the atmosphere each year during the 1997-2016 
period based on burned area measurements from the MODIS satellite (van der Werf et al., 2017). 
This is roughly ¼ as much carbon as is emitted to the atmosphere from fossil fuel use (Ciais et 
al., 2013).  
17 
 
 Fires are not well represented in climate models because of limited knowledge of the 
climatic factors and feedbacks controlling fires over long-time periods (Solomon et al., 2007; 
Hantson et al., 2016). Most climate models scale fire emissions positively with human 
population density, but there is a debate about the ways in which humans have influenced fire 
emissions over time. It is thought that humans have increased fire activity and emissions through 
ignitions and deforestation practices, but humans may also decrease fires through fragmenting 
landscapes and using fire suppression (Archibald et al., 2009; Bowman et al., 2009, 2011; 
Hantson et al., 2016; van Marle et al., 2017; Andela et al., 2017). Recent modeling work and 
analysis of satellite-derived global burned area shows a negative correlation between burned area 
and human population density, contrary to the positive relationship used in fire models (Bistinas 
et al., 2014; Knorr et al., 2014; van der Werf et al., 2017). Historical reconstructions of biomass 
burning over long-time periods would aid in understanding what the climatic controls on fires 
are, how much humans have impacted fires, and help in predicting how biomass burning will 
change in the future.  
 The most commonly used tools to investigate paleo-biomass burning trends in are 
charcoal in lake sediments and fire scars on tree rings. Both methods are temporally and spatially 
limited, leading to only local or regional fire activity reconstructions. Neither of these methods 
can quantify the magnitude of emissions from biomass burning which is necessary to constrain 
the preindustrial budgets of CO2 and CH4, as well as tropospheric ozone.   
 A few studies have used the abundance of trace gases (CH4 and carbon monoxide, CO) 
and their stable isotopes (δ13CH4, δ13CO, δC18O) in ice core air bubbles to reconstruct biomass 
burning emissions over the last few millennia (Ferretti et al., 2005; Mischler et al., 2009; Wang 
et al., 2010; Sapart et al., 2012; Bock et al., 2017; Beck et al., 2018). These records disagree on 
18 
 
the magnitude and timing of biomass burning trends in the past and are limited in their spatial 
and temporal coverage. These discrepancies between the proxy records have made it difficult to 
ascertain how the climate controls biomass burning and how biomass burning feeds back on 
climate.   
 This study uses a new approach to reconstruct historical biomass burning emissions by 
measuring ultra-trace gases, ethane (C2H6) and acetylene (ethyne, C2H2) in air bubbles from 
polar ice cores. This study presents the first measurements of ethane and acetylene in ice cores 
from Greenland and Antarctica over the last two millennia. These gases are emitted to the 
atmosphere today through leakage and combustion of fossil fuel and biofuels and open biomass 
burning. In the preindustrial atmosphere, these gases are emitted mainly by biomass burning. 
Therefore, preindustrial records of ethane and acetylene from ice cores can inform us about 
biomass burning emission variability through time.  
 Biomass burning emissions of these gases is also linked to those from methane. As a 
result, reconstructing the burning emissions from ethane and acetylene should provide an 
estimate for the biomass burning emissions of methane. The goals of this study were to: 1) 
develop an analytical technique to measure ethane and acetylene in ice core air bubbles, 2) 
reconstruct an atmospheric record of these gases from Greenland and Antarctic ice cores for the 
last 2,000 years, 3) explore the implications of the preindustrial levels of ethane and acetylene in 
terms of biomass burning emissions and 4) explore the implications of this new biomass burning 
emission proxy record on the preindustrial budget of methane.  
1.2 Background  
 This section provides background information necessary to understand 1) the atmospheric 
budgets of ethane, acetylene, and methane and why they are useful tracers for paleo-biomass 
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burning, 2) how ancient air is trapped and preserved in polar ice sheets and 3) biomass burning 
proxy records and their limitations.  
1.2.1 Ethane  
 Ethane is emitted to the modern atmosphere primarily from the production, processing, 
transmission and use of oil and natural gas, burning of biofuels and biomass, and natural 
geologic seeps (Rudolph, 1995; Xiao et al., 2008; Etiope and Ciccioli, 2009; Pozzer et al., 2010; 
Simpson et al., 2012; Helmig et al., 2016; Tzompa-Sosa et al., 2017). Minor emissions from 
oceanic and terrestrial ecosystems have been suggested but are highly uncertain (Plass-Dülmer et 
al., 1995; Clarkson et al., 1997; Stein and Rudolph, 2007). Total global emissions of ethane have 
been estimated at 10-20 Tg y-1 with roughly two-thirds of the budget from human use of fossil 
fuels and biofuels (Rudolph, 1995; Xiao et al., 2008; Etiope and Ciccioli, 2009; Aydin et al., 
2011; Simpson et al., 2012, Nicewonger et al., 2016; Franco et al., 2016; Helmig et al., 2016; 
Tzompa-Sosa et al., 2017; Dalsøren et al., 2018). The largest natural sources of ethane are from 
biomass burning and geologic emissions. Ethane emissions from biomass burning are estimated 
at around 3.4 Tg y-1 during the satellite era (1997-2017) (Giglio et al., 2013; van der Werf et al., 
2017), while geologic ethane emissions in the modern atmosphere are 2-4 Tg y-1 (Etiope and 
Ciccioli, 2009). Table 1.1 summarizes the ethane global budget.  
 The major sink of atmospheric ethane is via oxidation with the hydroxyl radical (OH) 
resulting in a global mean lifetime of roughly two months (Rudolph, 1995; Poisson et al., 2000; 
Xiao et al., 2008, Burkholder et al., 2015).  Ethane is also oxidized by chlorine atoms (Cl) which 
are produced in the marine boundary layer by reactions involving marine aerosols and polluted 
air (Knipping and Dabdub, 2003; Lawler et al., 2009; Wang et al., 2019). The reaction rate 
constant with chlorine occurs at a rate roughly 230 times faster than the reaction rate constant 
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with OH (Burkholder et al., 2015). This reaction has been omitted from most budget analyses of 
ethane (ex: Xiao et al., 2008; Pozzer et al., 2010; Tzompa-Sosa et al., 2017) because the 
distribution and magnitude of Cl atoms is not well known. Recent analysis by Wang et al. (2019) 
shows the reaction with Cl may constitute a significant portion (~20%) of the ethane sink. Ethane 
levels in surface air exhibit a strong seasonal variation with maximum levels occurring during 
austral winter and minimum levels occurring during austral summer. This seasonal cycle reflects 
wintertime buildup and summertime depletion driven by the loss to OH and possibly Cl.   
 
Figure 1.1: Three-dimensional latitudinal distribution of atmospheric ethane (in pmol mol-1 = parts per 
trillion [ppt]) from March 2005 – April 2016 based on data from the NOAA/ESRL air sampling 
network from Helmig et al. (2009) with updates at: http://instaar.colorado.edu/arl/Global_VOC.html. 
The “flying carpet” represents many flask measurements with data smoothed by time and latitude.  
 The N/S asymmetry in ethane sources results in a strong interhemispheric gradient in 
atmospheric ethane levels with significantly greater ethane levels over the high northern latitudes 
(60-90°N) than the high southern latitudes (60-90°S). From 2005-2015 CE, the mean ethane 
level over Greenland and Antarctica measured in surface flasks from the NOAA Global 
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Monitoring Division was roughly 1300 parts per trillion (ppt = pmol mol-1) and 210 ppt, 
respectively (Helmig et al., 2009). During this time, the interpolar ratio of ethane, measured as 
the ratio between high northern latitude ethane levels and high southern latitude ethane levels 
was roughly 6:1. Figure 1.1 shows a three-dimensional time series plot of the global distribution 
of atmospheric ethane.   
 Observations show that ethane levels have declined globally by roughly 30% from 1984-
2008 (Simpson et al., 2006, 2012). Other studies utilizing surface air and firn air measurements 
also confirmed this strong decline in ethane from the early 1980s to 2000 and attributed the 
decline to reduced fossil fuel emissions (Helmig et al., 2009; 2014; Aydin et al., 2011; Worton et 
al., 2012). Recently, ethane levels have begun to rise again. Several studies have credited the rise 
in atmosphere ethane levels starting around 2009 to increased natural gas exploration in shale 
regions via hydraulic fracking (Peischl et al., 2016; Helmig et al., 2016; Hausmann et al., 2016, 
Kort et al., 2016, Franco et al., 2016; Tzompa-Sosa et al., 2017).   
 Ethane has been measured in Antarctic firn air from South Pole and WAIS Divide and in 
Greenland firn from Summit, NGRIP and NEEM (Kaspers et al., 2004; Aydin et al., 2011; 
Worton et al., 2012; Helmig et al., 2014) (Figure 1.2). All these records show ethane levels rising 
in the atmosphere until around 1980 when levels peaked and quickly declined. 
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Figure 1.2: Atmospheric histories of ethane inferred from Greenland (left) and Antarctic (right) firn 
measurements. For Greenland, data is from NEEM (green line; Helmig et al., 2014), NGRIP (purple 
line; Worton et al., 2012) and Summit (blue line; Aydin et al., 2011). For Antarctic data is from WAIS 
Divide (blue line) and South Pole (green line; Aydin et al., 2011).  
 
1.2.2 Acetylene  
 Acetylene is emitted to the atmosphere via incomplete combustion process, including 
biomass and biofuel burning and fossil fuel use (mainly through vehicle exhaust) (Whitby and 
Altwicker, 1978; Rudolph and Ehhalt, 1981; Singh and Zimmerman, 1992; Xiao et al., 2007). 
Small but uncertain sources from oceanic and terrestrial systems and from geologic sources have 
also been suggested (Kanakidou et al., 1988; Plass-Dülmer et al., 1995; Blake et al., 2001; Xiao 
et al., 2007; Gunther and Musgrave, 1971, G. Etiope, personal communication). Geologic 
emissions of acetylene have been measured in geothermal-magmatic gas (Gunther and 
Musgrave, 1971) and are theoretically predicted to be emitted in mud volcanos and burning gas 
seeps through the partial combustion of methane (Watt, 1951; Anderson, 1958; Lui et al., 2017; 
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G. Etiope, personal communication). There is limited data on the location and magnitude of this 
potential geologic acetylene source. Xiao et al. (2007) estimated the fossil fuel source of 
acetylene at 1.7 Tg y-1, the biofuel source at 3.3 Tg y-1, and the biomass burning source at 1.6 Tg 
y-1 for a total atmospheric source of 6.6 Tg y-1. Modern acetylene biomass burning emissions are 
estimated at 1.2 Tg y-1 (Akagi et al., 2011; van der Werf et al., 2017). Acetylene emissions are 
mainly located in the northern hemisphere. Table 1.1 summarizes the global acetylene budget.  
 Acetylene is removed from the atmosphere via oxidation with OH, resulting in an annual 
mean lifetime of roughly 2-3 weeks (Burkholder et al., 2015; Xiao et al., 2007). Acetylene also 
has a small sink (<5%) with Cl (Burkholder et al., 2015; Wang et al., 2019). The asymmetric 
distribution of sources combined with the short atmospheric lifetime results in a large 
interhemispheric ratio and a strong seasonal cycle that is amplified in the high latitude regions. 
Mean acetylene levels over Greenland and Antarctica during the 2012-2018 period measured in 
surface flasks from the NOAA Global Monitoring Division are roughly 160 ppt and 15-20 ppt, 
respectively (Figure 1.3) (Helmig, 2017; D. Helmig, personal communication; S. Montzka, 
personal communication; this study). The resulting interhemispheric of acetylene is roughly 8-
10.  
 Greenland firn air indicates a large increase in northern hemispheric acetylene levels 
during the beginning of the 20th century until 1980 CE (peaking around 600 ppt), followed by a 
sharp decline from 1980-2000 CE to a mean level less of than 300 ppt (Figure 1.4) (Worton et 
al., 2012). This trend in 20th century acetylene is similar to that of other hydrocarbons and is 
likely due to reduced fossil fuel emissions and more stringent air quality controls (i.e. catalytic 
converters in vehicles) (Aydin et al., 2011; Worton et al., 2012). There have been few 
reconstructions of southern hemisphere acetylene. Kaspers et al. (2004) made measurements of 
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acetylene in firn air from Donning Maud Land, Antarctica. Acetylene levels varied between 20-
30 ppt in the firn column.  South Pole firn air shows a peak in atmospheric acetylene levels 
around 1980 CE (Figure 1.4) (E. Atlas, personal communication).   
 
 
Figure 1.3: Surface flask measurements of acetylene from Summit, Greenland (top) and South Pole, 
Antarctica (bottom). Data are from the NOAA GMD network (S. Montzka, personal communication), 
INSTAAR at CU Boulder (D. Helmig, personal communication), Helmig et al. (2009, 2017) and UCI 
(this research).  
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Figure 1.4: Atmospheric histories of acetylene inferred from Greenland (left) and Antarctic (right) firn 
measurements. Greenland history from NGRIP is from Worton et al. (2012) and the Antarctic history is 
from E. Atlas (unpublished data, personal communication). 
1.2.3 Methane  
 Methane is emitted to the atmosphere through fossil fuel production, transport and use 
(including natural gas, coal and oil), biomass and biofuel burning, geologic outgassing (seepage), 
and biogenic sources (including wetlands, ruminant animals, terminates, agriculture and waste, 
and thawing permafrost) (Etiope, 2012; Kirschke et al., 2013, Nisbet et al., 2014). Roughly two-
thirds of methane emissions are from human activities (Table 1.1). The main destruction of 
atmospheric methane occurs via oxidation with the hydroxyl radical (OH) resulting in an 
atmospheric lifetime of roughly 9-10 years (Dlugokencky et al., 2011; Prather et al., 2012; 
Kirschke et al., 2013). Methane is also lost by reaction with Cl atoms. The magnitude of the sink 
term is not well constrained, but likely lies somewhere in the range of 1-5% of the total loss 
(Allan et al., 2007; Prather et al., 2012; Wang et al., 2019).  
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 Methane and ethane share common sources via fossil fuel use, biomass and biofuel 
burning, and geologic outgassing. Ethane does not have biogenic sources. Atmospheric ethane 
has been used to trace methane emissions from fossil fuel use and biomass burning during the 
past few decades (Aydin et al., 2011; Simpson et al., 2012; Helmig et al., 2016; Hausmann et al., 
2016; Peischl et al., 2016, Kort et al., 2016, Franco et al., 2016). The emission factor (mass of 
ethane emitted per mass of methane emitted) of ethane and methane from fossil is highly 
variable and depends on many factors including the temperature, the pressure, the age of the 
fossil reservoir, and the composition of the source material (biogenic or thermogenic) (Etiope et 
al., 2008; Etiope and Ciccioli, 2009). This makes it challenging to quantify fossil and geologic 
hydrocarbon emissions by using atmospheric measurements of ethane and methane alone. The 
emission factors of methane and ethane from biomass and biofuel burning are better understood, 
but still have significant uncertainties (Andreae and Merlet, 2001; Akagi et al., 2011). Methane 
shares fewer sources with atmospheric acetylene: biomass and biofuel burning and fossil fuel use 
(mainly incomplete combustion).  
 Methane has been measured extensively in polar ice cores and in modern surface flasks 
(Figure 1.5). Over the last 2,000 years, methane levels over Antarctica ranged from 600-700 
parts per billion (ppb) before increasing sharply around 1800 CE (Etheridge et al., 1998 
(MacFarling Meure et al., 2006; Mitchell et al., 2011). Today, atmospheric methane levels are 
near 1850 ppb and rising (Dlugokencky, 2017). The increase in atmospheric methane since the 
preindustrial is attributed to anthropogenic activities (i.e. fossil fuel use and agriculture). 
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Table 1.1: Ethanea, acetyleneb and methanec sources in Tg y-1 
Source Ethane Acetylene Methane 
Fossil fuels 8-10 1.7 85-105 
Biomass burning  2.4-3.4d 1.2-1.6d 32-39 
Geologic  2-4e -- 33-75 (50-70e) 
Wetlands (natural) -- -- 177-284 
Agriculture & waste -- -- 187-224 
Biofuel  2.6 3.3 10-20 
Total sources 15-20 6.2-6.6 524-747 
a Xiao et al. (2008) 
b Xiao et al. (2007)  
c IPCC 2013: Ciais et al. (2013) 
d GFEDv4.1: van der Werf et al. (2017) 
e Etiope and Ciccioli (2009) 
 
 
Figure 1.5: Atmospheric methane levels in Antarctic ice cores and modern surface flasks. Green: 
methane from the DSS ice core from Law Dome, Antarctica (MacFarling Meure et al., 2006), blue: 
methane from the WDC-05A ice core from WAIS Divide, Antarctica (Mitchell et al., 2011), purple: 
methane from the DSS ice for from Law Dome, Antarctica (Etheridge et al., 1998), and black: methane 
from modern surface flask measurements from the NOAA ESRL network (Dlugokencky, 2017).  
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1.2.4 Archive of ancient air in polar ice sheets 
 Ancient air is preserved in polar ice sheets. In this project, we focused on air in two 
forms: 1) air trapped in the perennial, unconsolidated snowpack (firn) and 2) air trapped inside 
bubbles locked within ice. The upper ~50-120 m of the ice sheet is the firn layer. The firn layer 
acts as a permeable filter through which gases from the atmosphere slowly diffuse such that the 
mean age of the air increases with depth in the firn column. This results in a smoothed 
atmospheric history of gases (Figure 1.6). Gas movement through firn is controlled by many 
factors, including gas diffusivity, gravitational settling, open porosity, pressure gradients, wind 
pumping, advection and fractionation of gases (Battle et al., 1996, 2011; Schwander et al., 1997; 
Severinghaus and Battle, 2006). Different transport mechanisms dominate in each region of the 
firn. In the upper-most region (~0-3 m), the convective zone, air movement is controlled mainly 
by convective processes (wind pumping, pressure gradients). Below this is the diffusive column, 
where air movement is mainly controlled by molecular diffusion, in which concentration 
gradients drive gas fluxes (Craig et al., 1988; Battle et al., 2011). The diffusive column is 
extensive and typically comprises most of the firn column. The deepest region of the firn is the 
lock-in zone where vertical air movement is inhibited by seasonal layers with low-permeability 
(Battle et al., 2011). The firn column ends at the firn-ice transition where the open pores close 
forming air bubbles that are locked within the ice matrix. The age of a gas at a depth in the firn 
column is not a single year, but rather a distribution of ages. This distribution can be calculated 
using a firn diffusion model (Battle et al., 2011; Buziert et al., 2012). Using the firn diffusion 
model, inversions can be completed that reconstruct atmospheric histories of gases based on firn 
air measurements.  
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 Beneath the firn layer, gases are no longer in contact with the atmosphere and are instead 
locked inside bubbles within the ice. The depth where this occurs is called the bubble close-off 
depth and happens when the ice reaches a density of 800-840 kg m-3 (Schwander et al., 1997). At 
this depth, the air inside the ice ages at the same rate as the surrounding ice, although the air 
bubbles inside the ice are always younger than the ice itself. This “delta age” (age of the ice – 
age of the air bubbles inside the ice) is due to the time it takes for the firn to turn to ice. The 
depth of this firn to ice transition depends on the physical characteristics of the site, such as 
temperature and accumulation. Sites with high accumulation rates (and usually warmer 
temperatures) have a shallower firn to ice transition than sites with lower accumulation rates.  
For example, WAIS Divide has a firn/ice transition of ~75 m and South Pole has a firn/ice 
transition of ~120 m. This results in a delta age (for CH4) at WAIS Divide of roughly 200 years 
and at South Pole of roughly 1000 years.  
 Ice cores have provided records of atmospheric CH4 (as well as CO2) for the last 800,000 
years (Figure 1.7). Methane levels have fluctuated between 350 and 800 parts per billion (ppb) 
during the glacial and interglacial periods, respectively. It is important to understand how 
internal climate feedbacks control atmospheric methane to predict how the methane budget will 
change in the future. It is speculated that the large variability in methane between glacial and 
interglacial periods is driven mostly by wetland emissions (Chappellaz et al., 1990; Brook et al., 
1996, 2000; Loulergue et al., 2008). The role of biomass burning emissions in this variability is 
not well known or constrained.  
 Measurements of the stable isotopes of CH4 along with the mixing ratio of CH4 allow for 
source apportioning to develop a methane budget (Ferretti et al., 2005; Sowers, 2010; Mischler 
et al., 2009; Sapart et al., 2012; Bock et al., 2017). This analysis technique requires an 
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understanding of the magnitude and variability in the isotopic signature of sources through time 
that has proven complicated (Sowers, 2010). Analyzing gases such as ethane and acetylene in ice 
cores has the potential to reduce the uncertainty of the preindustrial CH4 budget by providing a 
long-term record of biomass burning and geologic emissions through time. 
 
Figure 1.6: A schematic diagram of an idealized firn column from the West Antarctic Ice Sheet 
(WAIS) Divide (adapted from Figure 1 in Battle et al., 2011).  
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Figure 1.7: Atmospheric methane levels measured in the EPICA Dome C ice core for the last 800,000 
years (Loulergue et al., 2008) 
 
1.2.5 Biomass burning proxy records  
 Biomass burning proxy records have been developed based on fire scars from tree rings, 
lake sediment charcoal records, and ice core records of chemical species and isotopomers 
(aerosols and gases). The ice core records can be broken up into three main categories: 1) 
chemical species with multiple potential sources, 2) chemical species specific to biomass burning 
and 3) isotopic composition of trace gases (Table 1.2). All of these proxy records have inherent 
strengths and limitations and yield burning records covering different spatial and temporal scales 
(Figure 1.8). A brief discussion of each type of biomass burning proxy record is found here 
(Rubino et al., 2015). 
 Fire scars on tree rings allow for the dendrochronological dating of fires for the last few 
centuries (McBride, 1983; Holz et al., 2012). The ability for a tree to scar during a fire is based  
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on many factors including the tree species, bark thickness, fuel conditions and wind velocity 
(McBride, 1983). Generally, trees less than ten years old do not survive fires. Although fire scars 
are a useful tool, they have many limitations. They are only useful to reconstruct fire activity and 
cannot be used to reconstruct biomass burning emissions which is necessary to constrain the 
methane budget. Additionally, these records are spatially limited to forested regions and cannot 
provide fire activity for areas such as the savanna/grasslands, which are known to contribute 
significantly to the total carbon emitted from biomass burning annually (van der Werf et al., 
2010).  
 Charcoal accumulation in soils and lake sediment is the most commonly used biomass 
burning proxy record. The charcoal in the lake sediment reflects biomass burning within roughly 
ten kilometers of the sampling site. By measuring charcoal at several hundred sites, regional, 
hemispheric and global biomass burning records for the last ~20,000 years have been developed 
(Power et al., 2008, 2012; Marlon et al., 2008). The major finding from these records is that 
 
Figure 1.8: Spatial and temporal scales of biomass burning proxies (adapted from Kehrwald et al., 
2013)  
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there was less fire activity as compared to present day during the deglacial period from 21,000 to 
roughly 11,000 years before present (BP, defined as 1950 CE), greater fire activity than present 
day during the Holocene (10,000-6,000 years BP), and a slow decline into modern levels (4,000 
years BP to present).  
 Marlon et al. (2008) used these charcoal records to reconstruct biomass burning 
variability during the last 2,000 years. The major finding from these records is that biomass 
burning declined from 1-1750 CE and reached a minimum during the Little Ice Age, rose sharply 
between 1750-1870 CE and then declined into the 1900s (Figure 1.9). Power et al. (2012) used a 
multi-regional charcoal analysis to determine if the post-1500 CE charocal decline was driven by 
the population collapse of the indigenous populations following European contact that resulted in 
less fire usage, or if it was driven by climatic conditions during the Little Ice Age that caused a 
decline in tropical biomass burning. They observed a decline in charcoal accumulation in all sites 
globally and not just in the Americas, concluding that changing global climate were the main 
cause of the biomass burning decline observed in the charcoal records.  
 There are several limitation to charcoal proxy reconstructions of fire activity, including 1) 
the limited spatial coverage of individual cores, 2) underrepresentation of fires from low-woody 
biomass regions including the grassland/shrubland/savanna biome which are responsible for a 
significant fraction of global carbon emissions from fires (van der Werf et al., 2010), 3) the 
qualitative nature of the charcoal signals due to site to site variations in preservation, and 3) 
uncertainty in sediment core dating, usually done by interpolation of a few 14C dates (Power et 
al., 2008).   
 Aerosol-borne chemical species preserved in ice cores have been used as biomass 
burning proxies. Legrand et al. (1992) measured ammonium, formate, acetate, oxalate, and 
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glycolate in a Greenland ice core and suggested peaks in these species were related to biomass 
burning events. Other chemical species such as formaldehyde (HCHO), hydrogen peroxide 
(H2O2), potassium (K
+) and nitrate (NO3-) have also been used as biomass burning proxies 
because they co-occur during peaks in ammonium (Fuhrer et al., 1993; Whitlow et al., 1994). 
Interpretation of the levels of these species in ice cores is challenging because they have sources 
other than biomass burning. For example, ammonium also has sources from agricultural activity 
(animal excreta and fertilizers), lightning, soil processes, industrial processes and fossil fuels 
(Bouwman et al., 1997; Hristov et al., 2011). These chemical species are useful to provide 
insights into past biomass burning activity but need to be supported by other independent records 
of biomass burning.  
Table 1.2: List of proxies used for reconstructing past biomass burning (adapted from Rubino et al., 
2015) 
Species with multiple sources Species specific to biomass 
burning  
Isotopic composition of trace 
gas 
ammonium (NH4+) levoglucosan (C6H10O5) δ13C-CH4 
formate (HCOO-) dehydroabietic acid (C20H28O2) δD-CH4 
acetate (CH3COO-) vanillin (C8H8O3) δ18O-CO 
glycolate (C2H3O3-) syringic acid (C9H10O5) δ13C-CO 
oxalate (C2O42-) vanillic acid (C8H8O4)  
formaldehyde (HCHO) galactosan (C6H12O6)  
hydrogen peroxide (H2O2) mannosan (C6H12O6)  
potassium (K+)   
nitrate (NO3-)   
nitrite (NO2-)   
electrical conductivity 
measurements 
  
black carbon    
   
 Aerosol chemical species specific to biomass burning such as levoglucosan and vanillic 
acid have also been used as biomass burning proxy records (Simoneit et al., 1999; Kawamura et 
al., 2012; Grieman et al., 2017, 2018a, 2018b). These aerosols are molecular markers from 
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cellulose burning of high-latitude biomass. Zennaro et al. (2014) measured levoglucosan in a 
Greenland ice core and found high levels during 1500-1700 CE. Elevated levels of vanillic acid 
were also observed during a similar time from 1460-1660 CE in an ice core from Siberia 
(Grieman et al., 2017). However, it is known that levoglucosan degrades under high levels of 
hydroxyl radical and so its usefulness as a biomass burning tracer has been debated (Hennigan et 
al., 2010; Hoffman et al., 2010). Additionally, these compounds are deposited to the polar ice 
after long-distance transport in the atmosphere, so their levels may be heavily impacted by 
changes in transport and meteorological conditions. Variability in combustion conditions and 
vegetation type may also impact the emission of these compounds and ultimately impact their 
levels in ice cores. Although these compounds are biomass-burning specific, these records are 
useful only as a quantitative history of fire activity and improvements in analytical techniques for 
measuring these compounds are needed for a more comprehensive understanding of past fire 
activity.   
 Biomass burning emissions histories have been inferred by using measurements of CH4, 
CO and their stable isotopes in ice core air bubbles (Figure 1.9) (Ferretti et al., 2005; Mischler et 
al., 2009; Wang et al., 2010; Sapart et al., 2012). The biomass burning source is determined by 
assigning isotopic end-members to the various sources and using an isotopic mass balance model 
to estimate source emissions through time. The CH4 fire proxy record covers the last 2,000 years 
and represents a global record of biomass burning emissions due to the relatively long lifetime of 
methane (~9-10 years). The CO proxy record covers the last 650 years and represents only a 
southern hemispheric biomass burning emission record due to the short atmospheric lifetime of 
CO (~2 months). The ice core gas records allow for the quantitative reconstruction of biomass 
burning emissions that is necessary to constrain the budget of methane. 
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 The CH4 record indicates biomass burning emissions peaked during 800-1000 CE, 
declined to a minimum during 1600-1800 CE and then rose to modern levels (Figure 1.9). The 
roughly 40% decline in burning emissions was attributed to both climatic (cooler and wetter) and 
human (decline in population due to diseases) causes (Ferretti et al., 2005). On the contrary, the 
CO burning record suggests burning reached a minimum slightly earlier and for a shorter period 
(~100 years) before rising sharply to a maximum around 1850 CE (Figure 1.9). This peak in 
burning in the mid-1800s is also suggested in the sedimentary charcoal record. van der Werf et 
al. (2013) investigated this peak in burning during the mid-1800s using biogeochemical and 
atmospheric modeling. They concluded that it would require biomass burning levels nearly four-
times modern rates to observe the levels of CO from the ice core record. This high burning rate is 
unlikely to have occurred in a preindustrial world with limited infrastructure (i.e. lower 
population and fewer machines and equipment for mass deforestation and burning). Validation 
of the CO record has yet to be completed.  
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Figure 1.9: Compilation of biomass burning proxy records for the last 2,000 years adapted from van 
der Werf et al. (2013). Shaded areas highlight the timing of the Medieval Climate Anomaly (MCA) and 
Little Ice Age (LIA). Black: composite of sedimentary charcoal records (Marlon et al., 2008), Blue: 
pyrogenic methane based on ice core methane and δ13CH4 in an Antarctic ice core (Ferretti et al., 
2005), Red: Carbon monoxide, δ13CO and δC18O in an Antarctic ice core (Wang et al., 2010) 
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CHAPTER 2  
Analytical methods for analysis of trace gases in ice cores 
Includes excerpts from: 
M. R. Nicewonger, K. R. Verhulst, M. Aydin, E. S. Saltzman, “Preindustrial atmospheric ethane 
levels inferred from polar ice cores: A constraint on the geologic sources of atmospheric ethane 
and methane,” Geophysical Research Letters, (2016). 
M. R. Nicewonger, M. Aydin, M. J. Prather, E. S. Saltzman, “Large changes in biomass burning 
over the last millennium inferred from paleoatmospheric ethane in polar ice cores,” Proceedings 
of the National Academy of Sciences, (2018).  
2.1 Overview  
 This chapter discusses the analytical methods used in this study to extract ice core air 
bubbles and analyze the air for ethane and acetylene. The chapter is organized in sections 
describing 1) the analysis of trace gases using gas chromatography and mass spectrometry, 2) the 
quantification of ethane and acetylene in air samples, 3) the wet extraction technique used to 
extract air from ice core samples, 4) the solubility effect during wet extraction, and 5) the ice 
core sites and chronologies.   
2.2 Analysis of trace gases  
2.2.1 Gas Chromatography/Mass Spectrometry Instrumentation  
 Ice core samples were analyzed using a gas chromatograph (GC - Agilent 6890) coupled 
with a high-resolution mass spectrometer (MS - Waters Autospec Ultima), using an electron 
impact ionization source (30 eV) in positive ion mode. The instrument has a dual-focusing 
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electro-magnetic analyzer and was operated with a mass resolution >8000 (M/ΔM at 5%). 
Further details of the use of this instrument for ice core analysis are given by Aydin et al. (2007).  
2.2.2 Automatic sample preparation  
 Sample preparation consists of four main stages: collection, loading, refocusing, and 
injection. A custom, automated inlet was used to quantify, collect, and cryogenically focus the 
gas sample before injection into the GC/MS system (Aydin et al., 2007). During the loading 
stage, the sample flows through a trap containing glass beads which is immersed in liquid 
nitrogen (-196°C). The target gases (analytes) condense on the glass beads while the major 
components of air (N2, O2, Ar) flow through the trap and into a 300 cm
3 calibrated volume. The 
collection chamber is evacuated before each sample collection and serves to measure the size of 
the gas sample and provides a pressure gradient to pull the sample through the trap. The size of 
the gas sample is determined by measuring the pressure in the calibrated volume before and after 
sample collection using a capacitance manometer. Next, the calibrated volume is isolated and 
evacuated and the process of sample collection is repeated to collect remaining sample in the 
line. After sample collection is completed and loaded onto the trap, an aliquot of approximately 
30 cm3 (at STP) of isotopically labeled standard (discussed in section 2.2.3) is loaded onto the 
trap following the same sample collection procedure. 
 During the refocusing stage, the target gases and the isotope standard are transferred from 
the glass bead trap to a fused silica trap in a helium carrier gas stream. This trap is also immersed 
in liquid nitrogen. Compounds more volatile than the target gases are removed during the 
transfer between the first and second trap, allowing for a cleaner injection.  
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 During the injection stage, the liquid nitrogen is removed from the second trap and the 
loop is heated and the gases flow into the GC column.  
2.2.3 Internal and external standards 
 An isotope-labeled standard is added to each sample before analysis to serve as an 
internal reference for quantification and to monitor for changes in the mass spectrometer’s 
response and sensitivity. The isotope standard consists of eight-isotopically labeled gases: 13C-
ethane (H3
13C–12CH3), 13C-propane, 13C-butane, 13C-carbonyl sulfide, D3-methyl chloride 
(CD3Cl), D3-methyl bromide (CD3Br), D3-acetonitrile (CD3CN), and 
13C-carbon disulfide. The 
internal standard is diluted to ambient (ppt) levels from the primary standard (ppb-level) by using 
humidified N2 in a 34L stainless steel air cylinder (Aydin et al., 2007). In this study, the 
13C-
ethane peak was used to quantify the 12C (unlabeled) ethane peak and the 12C (unlabeled) 
acetylene peak.  
 System calibrations were performed quarterly using trace gas standards made in-house. 
For ethane, four primary calibration standards were used in this study (M8, M10, M11). For 
acetylene, two primary calibration standards were used in this study (H1 and H2). The M8, M10, 
and M11 gas standards were prepared from commercial-grade pure compounds (Aydin et al., 
2007). The H1 standard was prepared from a ppm-level commercial-grade standard which 
contained acetylene, ethane, and other hydrocarbons (Scott Gas, Scotty Can). The H2 standard 
was prepared by taking an aliquot of acetylene from the gas-stream of a high-pressure cylinder 
mixed with acetone. Pure ethane from commercial-grade cylinders was also added to H2. 
Working standards (ppt-level) were made by diluting the primary standard (ppb-level) with 
humidified N2 in an electropolished stainless steel flask. Working standards were prepared when 
41 
 
needed and used the same day. Example calibration curves for ethane and acetylene are shown in 
Figure 2.1.  
  
Figure 2.1:  Ethane (left) and acetylene (right) calibration curves. File: CAL primary 17Oct2018 
 
2.2.4 Gas chromatography  
 The gas chromatograph consists of two columns: a 5 m long DB5 pre-column (0.32 mm 
ID and 0.25 μm film thickness; Agilent J&W) and a 55 m long DB1 analytical column (0.32 mm 
ID and 0.25 μm film thickness) connected by a multi-port redirecting valve. The flow rate is 1 
cm3 min-1. The chromatographic separation of gases is achieved using a temperature ramp 
described in Table 2.1.  
Table 2.1: Temperature profile scheme for the Agilent 6890 gas chromatograph (Aydin  
et al., 2007).  
Stage  Tinitial  Tfinal  Program 
1 40°C -50°C pre-cool 
2 -50°C -50°C isothermal for 3 min at beginning of injection 
3 -50°C -40°C 5°C/min ramp up 
4 -40°C -30°C 15°C/min ramp up 
5 -30°C 150°C 30°C/min ramp up 
6 150°C 150°C isothermal for 17 min (including backflush)  
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2.2.5 Mass spectrometric detection  
 The mass spectrometer detects two peaks of ethane at masses 30.0470 amu and 31.0503 
amu. Acetylene is detected at mass 26.0157 amu. The acetylene peak is fully 
chromatographically resolved from the ethane (C2H6) and ethylene peaks (C2H4) (Figure 2.2). 
Data is collected over nine time functions, measuring 23 masses at different retention times, but 
only two functions were pertinent to this research project, functions 1 and 3 (Table 2.2). Function 
1 monitors for C2H2, C2H6, and 
13C2H6. Function 3 monitors for CFC-12, which is used to detect 
modern air contamination. The total analysis time is 15 minutes. Mass calibration was performed 
daily by injecting approximately 0.1 μl of deuterated dodecane (d-dodecane) and 0.5 μl of 
acetonitrile into a reservoir upstream of the mass spectrometer source. Mass calibration was 
performed for the cyanide peak (CN, mass: 26.0180 amu), and then the acetonitrile was pumped 
out of the system after mass calibration to reduce impacting the acetylene peak during sample 
analysis. Different lock masses were used for each time function (Table 2.2).  
Table 2.2: Masses and retention times of analytes detected by the GC/MS used in this study.  
Function Analyte  Mass (amu) Retention Time 
(min) 
Lock Mass  
1 12C2H2 26.0157 6.01 31.9898 
1 12C2H6 30.0470 6.15 31.9898 
1 13C2H6 31.0503 6.15 31.9898 
3 CFC-12 84.9657 9.16 80.4100 
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Figure 2.2: Sample chromatogram showing the 13C2H6 peak (top), C2H6 peak (middle), and C2H2 
peak (bottom) for a Greenland sample (left) and respective post-melt analytical blank (right). Note 
the vertical axes scales change between sample and blank. 
 
2.3 Ice core gas extraction method 
2.3.1 Wet extraction apparatus 
 Trace gases were extracted from ice core samples using a wet-extraction technique which 
involves melting the ice core samples (Nicewonger et al., 2016; 2018). A schematic diagram and 
photos of the wet-extraction system are is shown in Figure 2.3-2.5. Ice core samples were melted 
in an all-glass extraction chamber consisting of two separate pieces. The lower part of the 
extraction chamber is cylindrical with a rounded bottom (ID 3”). The top part of the chamber is 
fitted a glass shut off valve with a polytetrafluoroethylene (PTFE) o-ring (Glass Expansion 
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Australia). Both pieces have flat glass flanges that are sealed together using a homemade o-ring 
made from 0.05” OD indium wire (Indium Wire Extrusion). The glass flanges on the chamber 
were clamped using a Delrin (polyoxymethylene) clamp with six ¼” stainless steel bolts. The 
volume of the chamber is roughly 1.5 L. The extraction chamber is connected to the glass bead 
trap via a small glass flange sealed with a homemade indium o-ring (0.05” OD). This smaller 
flange is clamped using a custom-machined Derlin clamp with four (3/16”) stainless steel bolts 
equally spaced. The glass bead trap consists of several coils (5/8” OD) of 4 mm glass beads and 
a reservoir to dry the air stream before collection in a ¼” OD stainless steel tube immersed in 
liquid helium. The trap and extraction chamber are connected to an all-glass vacuum line with an 
oil-free pumping system consisting of a molecular drag pump (Adixen Drytel model #1025) 
backed with a diaphragm pump (Pfeiffer model #MVP 070-3). An automatic switching system 
using pneumatic valves opens the vacuum line to the molecular drag pump (turbo) when the 
pressure in the line drops below 2 Torr.  
 The first wet extraction results in 2014 were collected using the wet-extraction system 
describe above, except the separate components of the vacuum line (i.e. trap, chamber) were 
connected using polytetrafluoroethylene (PTFE) connectors rather than the flat flanges with 
indium o-rings (Nicewonger et al., 2016). This extraction system design is designated as 
“Procedure 1” in the following discussion. The extraction system in “Procedure 2”, “Procedure 
3”, and “Procedure 4” had the flat flanges with indium o-rings (Table 2.3, Figure 2.6). Several 
small procedural changes occurred over the course of this research in order to reduce the level 
and variability of background (blank) levels in the system. Table 2.3 summarizes the differences 
between each of these procedures. 
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Figure 2.3: A schematic diagram of the wet extraction system used in this study.  
 
 
Figure 2.4: A photo of the wet-extraction line with an ice core sample in the extraction chamber. 
Photo by M. Nicewonger. 
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Figure 2.5: Photo of the extraction chamber (right) with an exploded ice core sample. The glass bead 
cold trap is immersed in the dry ice/ethanol bath (left). Photo by M. Nicewonger. 
 
2.3.2 Wet extraction procedure 
For all procedures, ice core samples weighing roughly 150-400 g were loaded into the 
two-piece glass extraction chamber. Prior to loading, the outer 3-5 mm of the sample were 
cleaned with a scalpel to remove surface contamination. Samples from fluid-drilled ice cores 
were handled and prepped in a different manner (see Section 2.3.4). After cleaning, samples 
were placed inside the pre-cooled extraction chamber (-40°C, dry ice/ethanol) and the chamber 
was sealed. Indium wire used as seals was soaked in 5% H2SO4 solution and rinsed with milli-Q 
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water prior to use to remove possible surface oxidation and contamination. The extraction 
chamber was then connected to the glass vacuum line. Once a leak tight seal was achieved, 
monitored by visual examination of the Pirani pressure gauge (< 3 mTorr), the extraction line 
was flushed several times with dry N2 to remove residual lab air in the chamber and vacuum line. 
The sample was left pumping for roughly 45-60 minutes. The glass bead trap was immersed in a 
-40°C dry ice/ethanol bath for the whole duration of the wet extraction.  
Table 2.3: Differences between the various wet extraction procedures.  
 Procedure 
 1 2 3 4 
Stir bar inside sample chamber Yes Yes No  No 
Thermal shock explosion with 
sample valve open to pump 
No No No  Yes 
Pumping time after thermal shock 
explosion or during analytical blank 
0 min 0 min 1-2 min 5 min 
Connection type between extraction 
line components 
PTFE indium  indium indium  
Seal on the extraction chamber indium indium indium  indium 
 
  
Figure 2.6: Photo of the flat glass flange connection with indium o-ring pressed flat after use (left) 
and the Delrin clamp (right). Photos by M. Nicewonger.   
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 When the sample was ready to be melted, the -40°C bath surrounding the extraction 
chamber was replaced with a 70-80°C bath for roughly 1 minute or less to induce a thermal 
shock and explosion of the ice core. The bath was removed, and the chamber was left at ambient 
lab temperature for a preset period (0-5 minutes; Table 2.3) during which the chamber was 
opened to the vacuum pump. This explosion and subsequent pumping serve two purposes, 1) to 
increase the surface area of the ice core sample and reduce the total melting time, and 2) to flush 
the extraction chamber, cold trap, and vacuum line with ice core air. The chamber is then 
immersed in a warm bath (30°C) and isolated from the vacuum pump immediately after the ice 
core begins to melt. Samples analyzed during Procedure 1-3 underwent the same thermal 
explosion, but during the explosion, the valve on the extraction chamber was closed (Table 2.3).  
 When only a small piece of unmelted ice remained (<5 g), the warm bath was replaced 
with an ice bath (0°C) to prevent further warming during sample extraction. The valves were 
configured to allow the air sample to pass through the cold trap and be cryogenically pumped in 
the stainless still tube immersed in liquid helium (4K) for two minutes. The stainless-steel tube 
was then closed, removed from the extraction line, and was allowed to warm to room 
temperature. The collected ice core gas sample was analyzed using the GC/MS system described 
in Section 2.2  
 An analytical blank was performed after every ice core sample melt to determine the 
background trace gas levels in the extraction system. The ice core melt water was refrozen by 
replacing the ice bath with the -40°C bath while pumping to remove any dissolved gases in the 
melt water. Once the melt water was refrozen (roughly 30-45 minutes), the vacuum line and 
extraction chamber were flushed several times with N2. Next, the -40°C bath was replaced with 
the warm water bath (30°C) and the ice core melt water was allowed to melt for several minutes 
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while being pumped on (depending on which procedure was used, see Table 2.3), similar to the 
post-explosion pumping step for the ice core sample. After pumping, a 20-30 cm3 (at STP) 
aliquot of N2 was isolated in the headspace above the frozen melt water by shutting the valve on 
the chamber. The frozen melt water was slowly melted following the same procedure for the ice 
core sample. The extraction and analysis of the blank was identical to the sample. Blanks for 
each compound are described in Section 2.4.  
2.3.3 Extraction system cleaning procedure  
 Before loading every ice core sample, the extraction chamber was cleaned in a 1 M KOH 
bath, rinsed with MilliQ water, and air-dried between 60-100°C. The glass bead trap was cleaned 
roughly every two weeks by filling the trap with 1 M KOH and placing it in a warm bath (60°C) 
for 4-6 hours before being dried in an oven at 100°C. The glass bead trap was also routinely 
cleaned if unused for more than 2 weeks, after which blank levels of ethane and acetylene tended 
to increase.  
2.3.4 Decontamination of ice core samples prior to analysis (dry-drilled vs. fluid drilled 
samples) 
 Ice core samples analyzed in this study were from dry-drilled and fluid-drilled cores. The 
fluid used for ice core drilling is typically a blend of hydrocarbons and therefore had a high 
potential to contaminate the hydrocarbon trace gas analysis. Dry-drilled cores were 
decontaminated in a one-step processes in which the outer 3-5 mm of the sample was cleaned 
with a scalpel.  Fluid-drilled samples were decontaminated in a two-step process. First, the 
sample was cleaned thoroughly with a clean scalpel and/or edges were cut off using a bandsaw. 
For example, if a fluid-drilled sample had a rind side (the outermost side that is in contact with 
50 
 
the drill and drill fluid) the bandsaw would be utilized to remove roughly 3-4 mm off that rind 
edge. After the initial cleaning, the sample was placed into a clean lay-flat bag for temporary 
storage. All surfaces in contact with the ice core, such as the preparation table and scalpel blade 
were cleaned with MilliQ water. Second, after the initial cleaning step, fluid-drilled samples 
were re-cleaned following the same steps used for the dry-drilled samples. All ice core samples 
were handled with new polyethylene gloves.   
2.4 Blank correction and determination  
 Analytical blanks as described in section 2.3.2 were conducted after every sample melt to 
quantify the background ethane and acetylene level in the extraction and analysis system. Ethane 
and acetylene mixing ratios in this study are reported as parts per trillion (ppt = pmol mol-1). The 
ethane and acetylene mixing ratio (Xcmpd) in the ice core bubbles are calculated as follows:  
𝑋𝑐𝑚𝑝𝑑(𝑝𝑝𝑡) =
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑚𝑏𝑙𝑎𝑛𝑘 
𝑚𝑎𝑖𝑟 
 
(2.1) 
where msample is the amount of ethane or acetylene measured in the sample (pmol), mblank is the 
ethane or acetylene (pmol) in the mean post-melt blank from a series of samples and mair is the 
dry air (mol) extracted from each ice core sample.  
 Due to the changes in the extraction procedure, several sets of “mean blank” were 
calculated to apply to different time periods of analysis. The mean blank calculation excluded 
blanks in which known analytical mistakes occurred and blanks which were greater than the 
mean + 2σ (Figure 2.7 and Figure 2.8). The mean blanks of ethane and acetylene for each 
procedure are outlined in Table 2.4. Procedure 4 was the longest-running procedure and several 
mean blanks were used over the course of analysis (Tables 2.5-2.6).   
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Table 2.4. Ethane and acetylene levels in the post-melt N2 blanks (mean ± 1σ in pmol) 
 Procedure 1  Procedure 2 Procedure 3 Procedure 4 
Dates 7/17/2014 to 
10/30/2014 
10/8/2015 to 
10/30/2015 
11/6/2015 to 
2/19/2016 
2/26/2016 to 
7/30/2018 
Ethane  0.091 ± 0.024  
(n = 40) 
0.101 ± 0.034 
(n = 13) 
0.093 ± 0.036 
(n = 20) 
0.040 ± 0.015 
(n = 197) 
Acetylene 0.029 ± 0.012 
(n = 40) 
0.016 ± 0.010 
(n = 13) 
0.028 ± 0.012 
(n = 21) 
0.007 ± 0.006 
(n = 213) 
 
Table 2.5: Ethane blank during procedure 4.   
Date  
Start date End Date  Ethane blank (pmol)  n  
02/26/2016 05/27/2016 0.058 ± 0.013 27 
06/02/2016 10/13/2016 0.040 ± 0.007 33 
10/26/2016 10/13/2017 0.048 ± 0.013 53 
10/27/2017 02/16/2018 0.035 ± 0.007 32 
03/07/2018 07/30/2018 0.025 ± 0.008 52 
All dates 0.040 ± 0.015 197 
 
Table 2.6: Acetylene blank during procedure 4.   
Date  
Start date End Date  Acetylene blank (pmol)  n  
02/26/2016 04/13/2016 0.002 ± 0.003 20 
04/14/2016 05/27/2016 0.021 ± 0.013  10 
06/02/2016 11/02/2016 0.001 ± 0.002 42 
02/14/2017 11/27/2017 0.008 ± 0.002 60 
11/29/2017 05/30/2018 0.011 ± 0.004 46 
06/06/2018 07/30/2018 0.006 ± 0.002 35 
All dates 0.007 ± 0.006 213 
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Figure 2.7: Ethane post-melt analytical blanks through time. Samples excluded from the mean blank 
calculations are shown in gray. Black bars indicate the mean blank used to correct samples over a 
certain time range as outlined in Table 2.5.  
 
 
Figure 2.8: Acetylene post-melt analytical blanks through time. Samples excluded from the mean 
blank calculations are shown in gray. Black bars indicate the mean blank used to correct samples over a 
certain time range as outlined in Table 2.6. 
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2.5 Solubility effect during wet extraction   
 The fact that water is present during the extraction process means that gas solubility may 
have an influence on the measured mixing ratios. Ethane and acetylene are more soluble in water 
than air (Table 2.7; Sander, 2015 and references within). The measured mixing ratios in the gas 
obtained via wet extraction may be biased low if a significant fraction of the ice core ethane and 
acetylene are left behind in the melt water. A dimensionless Henry’s law solubility factor was 
used to examine how much ethane, acetylene, and air would be left in the ice core melt water if 
the extraction chamber were in equilibrium. The dimensionless Henry’s Law solubility (α) for 
ethane and acetylene was calculated from data in Sander (2015), as follows:  
∝ =
(
𝑚𝑜𝑙𝑒𝑠
𝑚3
)
𝑙𝑖𝑞𝑢𝑖𝑑
(
𝑚𝑜𝑙𝑒𝑠
𝑚3
)
𝑔𝑎𝑠
 
(2.2) 
Using the ideal gas law:  
𝑛
𝑣
 =  
𝑃
𝑅𝑇
 
(2.3) 
where P is the pressure in Pa, R is the gas constant in units of m3 Pa K-1 mol-1 and T is the 
temperature in K. Gas density is therefore:  
𝑚𝑜𝑙
𝑚3
 =  
1 𝑃𝑎
8.314 m3 Pa K−1 𝑚𝑜𝑙−1 ∗  273.15𝐾
 =  4.4 𝑥 10−4  
𝑚𝑜𝑙
𝑚3
   
(2.4) 
Assuming a pressure of 1 Pa, the dimensionless Henry’s Law constant for ethane, acetylene, and 
air are:  
𝛼𝑒𝑡ℎ𝑎𝑛𝑒  =
(3.97 ∗ 10−5
𝑚𝑜𝑙
𝑚3
)
𝑙𝑖𝑞𝑢𝑖𝑑
(4.40 ∗ 10−4  
𝑚𝑜𝑙
𝑚3
)
𝑔𝑎𝑠
 =  0.09 
(2.5) 
54 
 
𝛼𝑎𝑐𝑒𝑡𝑦𝑙𝑒𝑛𝑒  =
(6.91 ∗ 10−4
𝑚𝑜𝑙
𝑚3
)
𝑙𝑖𝑞𝑢𝑖𝑑
(4.40 ∗ 10−4  
𝑚𝑜𝑙
𝑚3
)
𝑔𝑎𝑠
 =  1.57 
(2.6) 
𝛼𝑎𝑖𝑟  =
(1.48 ∗ 10−5
𝑚𝑜𝑙
𝑚3
)
𝑙𝑖𝑞𝑢𝑖𝑑
(4.40 ∗ 10−4  
𝑚𝑜𝑙
𝑚3
)
𝑔𝑎𝑠
 =  0.03 
(2.7) 
where the numerator in each equation is the Henry’s law constant for each compound at 273.15 
K (0 °C) (Table 2.7). 
 The dimensionless Henry’s laws can be corrected for the average liquid to gas volume 
that is present in the extraction chamber. The extraction chamber is roughly 1.5 L and the 
average sample size is between 300-400 g, corresponding to melt water volume of 0.3-0.4 L. For 
a typical ice core sample of 300g, the volumes of gas (vg) and water (vl) in the extraction 
chamber are as follows: 
𝑣𝑔
𝑣𝑙
 =  
0.3 𝐿
(1.5 −  0.3) 𝐿
 =  0.25 
(2.8) 
If the gas and liquid phases were allowed to equilibrate, the fraction (f) of each gas present in the 
liquid phase would be calculated from the equation: 
𝑓 =  𝛼 ∗  
𝑣𝑔
𝑣𝑙
 
(2.9) 
From equation 2.9, the fraction of ethane, acetylene, and air present in the liquid phase becomes:  
𝑓𝑒𝑡ℎ𝑎𝑛𝑒  =  0.09 ∗  0.25 =  0.023 (2.10) 
𝑓𝑎𝑐𝑒𝑡𝑦𝑙𝑒𝑛𝑒  =  1.57 ∗  0.25 =  0.392 (2.11) 
𝑓𝑎𝑖𝑟  =  0.03 ∗  0.25 =  0.008 (2.12) 
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 The volume corrected dimensionless solubility constants mean that roughly 2.3% of the 
ethane, 39.2‰ of the acetylene, and 0.8% of the air from the ice core bubbles would be dissolved 
in the liquid if the extraction chamber were at equilibrium. This means that there would be a 
small solubility correction for ethane and a large solubility correction for acetylene. Such a large 
correction for acetylene would make the preindustrial levels reported in this study significantly 
higher.  
 A second, more empirical approach to estimating the effect of solubility was obtained by 
comparing results for several trace gases from wet extraction to those from the dry shredding 
extraction technique described by Aydin et al. (2007). Unfortunately, it is not possible to carry 
out a comparison of wet and dry extraction techniques for acetylene or ethane, because of 
spurious production of these gases during dry extraction. Instead, measurements of carbonyl 
sulfide, methyl bromide, and methyl chloride in the South Pole Ice Core (SPC14) were used 
(Figure 2.9). In all cases, these soluble trace gases were depleted in the wet extractions relative to 
the dry extractions. This effect increased with increasing gas solubility (Figure 2.10). The 
magnitude of the depletion, expressed as a fractional depletion (1-wet/dry) was 0.15, 0.43, and 
0.52 for carbonyl sulfide, methyl chloride, and methyl bromide, respectively. These are 
considerably smaller than the calculated values assuming complete equilibration between gas 
and liquid during wet extraction (0.25, 0.67, and 0.71, respectively). The results indicate that full 
equilibration does not occur during wet extraction. This is presumably due to the very short 
gas/liquid contact time between the bubbles and the melt water as the bubbles are released from 
the melting ice. 
Ethane is sufficiently insoluble that even assuming complete equilibrium, a solubility 
correction of only 0.023 would be required. This is well within experimental error of the ice core 
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analysis. No corrections were made to the ethane data during this study, but as the precision of 
ice core ethane analyses improves, it may become meaningful to correct the data for this negative 
bias. 
Acetylene has a similar solubility at 273.15 K to carbonyl sulfide (Table 2.7), so 
empirically we expect that the depletion should be similar at about 0.15. Correction of the ice 
core data to account for this negative bias will be required but has not yet been done. For the 
purpose of this thesis, we chose to not correct the acetylene data for the solubility effect as 
further work to better characterize the solubility correction is still underway. The overall 
interpretations and findings (Chapter 5 and 6) drawn from the ice core acetylene record will not 
be impacted by this decision since the solubility correction is modest (~15%) and would be 
applied to all the data.  
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Table 2.7: Henry’s law constants used for the solubility correction calculation  
(compilation from Sander, 2015). 
Compound k°H 
@ 298.15 K 
dln(kH)/d(1/T) kH(T)a 
@ 273.15 
K 
Reference  
 
[
𝑚𝑜𝑙
𝑚3 𝑃𝑎
] 
[K] 
[
𝑚𝑜𝑙
𝑚3 𝑃𝑎
] 
 
oxygen  1.20 x 10-5 1700 1.05 x 10-5 Warneck and Williams (2012) 
nitrogen  6.40 x 10-6 1600 2.02 x 10-5 Warneck and Williams (2012) 
argon  1.40 x 10-5 1700 2.36 x 10-5 Warneck and Williams (2012) 
ethane  1.90 x 10-5 2400 3.97 x 10-5 Sander et al. (2011) 
acetylene  4.10 x 10-4 1700 6.91 x 10-4  Sander et al. (2011) 
carbonyl sulfide 2.10 x 10-4 3300 5.78 x 10-4 Warneck and Williams (2012) 
methyl bromide 1.70 x 10-3 3100 4.40 x 10-3 Sander et al. (2011) 
methyl chloride 1.30 x 10-3 3300 3.58 x 10-3 Sander et al. (2011) 
“air”b -- -- 1.48 x 10-5  
 
a The temperature dependent solution for the Henry’s law constant is:  
 
kH(T) = k°H * exp([d(ln(kH))/d(1/T)] *[(1/T) – (1/T°)])  
 
where d(ln(kH))/d(1/T) is the temperature dependence parameter for Henry’s Law constant and k°H 
is the Henry’s law constant for solubility of the compound in pure water at T°=298.15 K.  
 
b “Air” is calculated by at 273.15 K by:  
 air = 0.78*Hnitrogen + 0.21*Hoxygen + 0.01*Hargon 
where Hcompound is the Henry’s law constant for each compound at 273.15 K.  
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Figure 2.9: Dry-extraction (green) and wet-extraction (purple) results from the South Pole Ice Core 
(SPC14) for carbonyl sulfide (top, circles), methyl chloride (middle, squares) and methyl bromide 
(bottom, triangles). Data from dry extraction from M. Aydin (personal communication).  
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Figure 2.10: Observed (black) versus calculated equilibrium (red) solubility depletion between the 
wet- and dry-extraction mixing ratios measured for carbonyl sulfide (COS), methyl chloride (CH3Cl), 
and methyl bromide (CH3Br).  The calculated depletions assume equilibrium (Table 2.7).  The 
observed data are based on the measurements of South Pole ice core samples (SPC14) in Figure 2.9. 
 
2.6 Ice core sites and chronologies  
West Antarctic Ice Sheet (WAIS Divide): The WAIS Divide (WDC05A) core was dry-drilled in 
2005/2006 to a depth of 298 m using a 10 cm electromechanical drill. The WDC05A site is about 
1.3 km northwest of the main borehole of the main WAIS Divide deep core (WDC06A). The 
annual accumulation at WAIS Divide is about 22 cm y-1 ice equivalent and the mean annual 
temperature is -30°C (Orsi et al., 2012).  
 The WDC05A samples were dated by linear interpolation from the nearest depths in the 
WDC05A:2 chronology based on methane measurements and subtracting a delta-age (ice age – 
gas age, Δage) of 208 years (Mitchell et al., 2011). Air trapped in ice cores is a mixture of air 
from a range of years due to diffusive mixing in the firn and the chronology represents a best 
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estimate “mean age” (Buizert et al., 2012). The smoothing function at WAIS Divide has a width 
at half height of roughly 20 years (Battle et al., 2011). The gas age of the deepest (298.9 m) and 
shallowest (83.1 m) WDC05A samples analyzed in this study are 994 and 1925 CE, respectively. 
Uncertainty on the mean age for the WDC05A samples is roughly 1% (Mitchell et al., 2011).  
 Samples were analyzed from the deep, fluid drilled WAIS Divide ice core (WDC06A). 
The drill fluid used was a mixture of Isopar-K and HCFC-141b (Souney et al., 2014).  The 
WDC06A core was drilled from 2006-2012 to a final depth of 3405 m. The WDC06A borehole 
is located at 79.467°S, 112.085°W. The WDC06A samples were dated by linear interpolation 
from the nearest depth using the WD2014 ice-age chronology and subtracting a Δage of 208 
years to obtain a gas age (Buizert et al., 2015; Sigl et al., 2016). Uncertainty on the mean age for 
WDC06A is 0.5%.  The gas age of the deepest (603.7 m) and shallowest (116.9 m) WDC06A 
samples used in this study are 303 BCE and 1781 CE, respectively. 
South Pole Ice Core (SPC14): Samples were analyzed from the fluid-drilled South Pole Ice 
Core (SPC14) The drill-fluid used was Estisol 140 and Isopar-K was applied to the core in the 
field to help remove residual Estisol 140 prior to packaging. The SPC14 core was drilled 2.7 km 
from the South Pole Station during 2014-2016 to a final depth of 1751 m. The mean 
accumulation rate at the SPC14 site is 8 cm y-1 ice equivalent and the mean annual temperature is 
-49°C (Casey et al., 2014). Samples were dated using methane ties to the WD2014 ice-age 
chronology (“SPC14-03” unpublished timescale; Buizert et al., 2015; Sigl et al., 2016). 
Uncertainty on the mean age is roughly ± 30 years (C. Buizert, personal communication). The 
gas age of the deepest (294.7 m) and shallowest (130.7 m) SPC14 samples used in this study are 
387 BCE and 1817 CE, respectively (calculated using the “SPC14-03” timescale).  
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Greenland Ice Sheet Project 2 (GISP2): Samples were analyzed from the dry-drilled GISP2B 
ice core. The GISP2B core was dry-drilled in 1989 to a depth of ~200 meters. The annual 
accumulation at the GISP2 site is 24 cm y-1 ice equivalent and the mean annual temperature is -
31°C (Cuffey and Clow, 1997). To date the GISP2B samples, first an ice-age scale was 
determined by applying a +5 year offset to the GISP2D ice-age scale (Aydin et al., 2007). Ice 
ages at exact sample depths were calculated by linear interpolation from the nearest depths. Gas 
ages were calculated by subtracting Δage of 199 years from the ice age (Meese et al., 1997, 
Schwander et al., 1997). The deepest (198.9 m) and shallowest (102.0 m) GISP2B samples are 
dated to 1456 CE and 1862 CE, respectively. The smoothing function for the GISP2 cores is the 
same as WAIS Divide (width at half height approximately 20 years) because the annual mean 
temperature and the accumulation rate at both sites are similar (Schwander et al., 1993). 
Uncertainty on the GISP2B gas age is 1%.  
 Samples from the fluid-drilled, deep GISP2D ice core were also analyzed. The drill-fluid 
used was n-butyl acetate. The GISP2D ice core was drilled at Summit, Greenland from 1988-
1993 to a final depth of 3053 m. The accumulation rate and temperature for the GISP2D site is 
like that of the GISP2B site of 24 cm y-1 ice equivalent and -31°C (Cuffey and Clow, 1997). Gas 
ages for the GISP2D samples were calculated by linear interpolation of the GISP2D ice-age scale 
to the sample depths and then subtracting a Δage of 199 years (Meese et al., 1997; Schwander et 
al., 1997). The deepest (730.2 m) and shallowest (95.5 m) GISP2D samples are dated to 1206 
BCE and 1892 CE, respectively. Uncertainty on the GISP2D gas age is 1%. 
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CHAPTER 3  
Modeling methods for interpreting ice core records  
Includes excerpts from: 
M. R. Nicewonger, K. R. Verhulst, M. Aydin, E. S. Saltzman, “Preindustrial atmospheric ethane 
levels inferred from polar ice cores: A constraint on the geologic sources of atmospheric ethane 
and methane,” Geophysical Research Letters, (2016). 
M. R. Nicewonger, M. Aydin, M. J. Prather, E. S. Saltzman, “Large changes in biomass burning 
over the last millennium inferred from paleoatmospheric ethane in polar ice cores,” Proceedings 
of the National Academy of Sciences, (2018).  
 
3.1 Overview  
 The approach used in this thesis was to utilize and adapt models capable of simulating 
atmospheric ethane, acetylene, and methane levels based on specified emissions. Three models 
are used: 1) a steady state six-box model for ethane, 2) a three-dimensional chemistry transport 
model (CTM) for ethane and acetylene, and 3) a steady-state one box model for methane and 
methane isotopes. The models and procedures used to infer emissions are described in detail in 
this chapter. Application and comparison of the output of these models with the ice core 
observations will be described is subsequent chapters (ethane in Chapter 4, acetylene in Chapter 
5, and methane in Chapter 6).  
3.2 The six-box steady state model  
 The six-box steady state model is based on the methane BOSCAGE-8 model by Marik 
(1998). The model consists of six zonal tropospheric boxes representing 30° wide latitude bands 
(three in each hemisphere, Figure 3.1) (Nicewonger et al., 2016). The mass of air in each box is 
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weighted according to the surface area represented by each box, assuming the total amount of air 
in the atmosphere is 1.77 x 1020 moles. We presumed that 80% of the air was contained in the 
troposphere (defined as 1000-200 hPa) resulting in 1.42 x 1020 moles of air. The mass of air in 
the topical boxes (boxes 3 and 4) are each scaled up by 5%, while the mass of air in the 
remaining boxes are scaled down by 5% to represent the higher (shallower) height of the 
troposphere in the tropical (polar) regions. Exchange between the adjacent boxes occurs via 
transport parameters (k) calibrated to the observed distribution of SF6 (Table 3.1). The transport 
parameters are weighted based on the mass of air exiting each box such that each term represents 
the turnover rate (in units of y-1) between boxes. For example, the transport parameter k12 
represents the transport rate of air between box 1 to box 2, while k21 represents the transport rate 
between box 2 to box 1, etc. The calculation for this example is as follows:  
𝑘12 =  
𝑓 (1,2)  ∗  𝑚𝑡𝑟𝑜𝑝
𝑚𝑏𝑜𝑥1 
 
(3.1) 
𝑘21 =  
𝑓 (1,2)  ∗  𝑚𝑡𝑟𝑜𝑝
𝑚𝑏𝑜𝑥2 
 
(3.2) 
where f is the flow rate coefficient (unit of y-1) between the two boxes of interest (in this example 
boxes 1 and 2), mtrop is the moles of air in the troposphere and mbox1, 2 is the moles of air in the 
respective box. The resulting transport rate constants for each transport term are shown in Table 
3.1. Average kOH (y
-1) is calculated for each box using the temperature and OH distribution fields 
from Spivakosky et al. (2000) and are shown in Table 3.2.   
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Figure 3.1: Schematic diagram depicting the six-box steady-state model and the transport parameters 
(y-1) for each box (Nicewonger et al., 2016).  
 
Table 3.1: Transport and flow rate coefficients used in the six-box steady state model 
(Nicewonger et al., 2016).  
 Parameter Transport rate 
coefficent (y-1) 
Flow rate coefficient  
(f, fraction of global air mass y-1) 
k12 3.73 0.25 
k21 1.37 0.25 
k23 4.92 0.90 
k32 3.60 0.90 
k34 2.40 0.60 
k43 2.40 0.60 
k45 3.60 0.90 
k54 4.92 0.90 
k56 3.28 0.60 
k65 8.96 0.60 
 
 
In the model, fossil fuel, biofuel and biomass burning sources were geographically 
distributed following the CMIP5 emission inventory for ethane (Lamarque et al., 2010; 
Nicewonger et al., 2016). To achieve reasonable agreement (± 5%) with the observed modern 
Table 3.2: Average kOH (y-1) for each box in the steady state model.  
 Box 1 Box 2 Box 3 Box 4 Box 5  Box 6 
kOH 1.46 4.18 8.75 8.87 3.49 1.04 
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levels of atmospheric ethane over Greenland, Antarctica, and the tropics during the 2000-2010 
CE period (Simpson et al., 2006; Aydin et al., 2011; Simpson et al., 2012; Blake, 2013; Helmig et  
al., 2014), the emissions were shifted between boxes and the final geographic distribution is 
described in Table 3.3.  Fossil fuel, biofuel, and biomass burning emissions were adjusted to 
create an emission inventory with 93%, 80%, and 53% of emissions in the northern hemisphere, 
respectively (Xiao et al., 2008). Geologic ethane emissions were geographically distributed with 
85% of emissions in the northern hemisphere based on seepage data and locations from Etiope 
and Ciccioli (2009).  
The six-box model calculates a steady state mass balance equation for each box. An 
example of the mass balance equation for box 3 is shown below: 
d
𝑑𝑡
(box 3)  =  𝑘23  + 𝑘43  −  𝑘𝑂𝐻(box 3)  − 𝑘32 −  𝑘34)  +  𝐸3 
(3.3) 
where k represents the transport of ethane between boxes (with positive terms describing 
transport into the box and negative terms describing transport out of the box), kOH represents 
ethane loss in box 3 due to OH oxidation and E (Tg y-1) is the emissions into box 3. kOH is 
different between boxes (Table 3.2). This system of six linear equations for the mass balance of 
each box is generated and assuming steady state (d/dt = 0), we invert the 6x6 matrix to solve for 
any combuition of emissions. MATLAB code for the six-box model is found in Appendix A. 
 
Table 3.3: Latitudinal distribution of ethane sources in the six-box model for all simulations. The value 
given is the fraction of the source in each box (in Tg).  
 Box Source/Total 
Source 60–90°N 30-60°N  0–30°N 0–30°S 30–60°S 60–90°S  
Fossil fuel 0.05 0.58 0.30 0.05 0.02 0 
Geologic 0.04 0.48 0.33 0.11 0.04 0 
Biofuel  0.03 0.39 0.38 0.15 0.05 0 
Biomass burning  0.03 0.09 0.46 0.35 0.07 0 
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3.2.1 Six-box steady state model: preindustrial simulation 
 The six-box model was used to simulate preindustrial atmospheric ethane levels over a 
range of biomass burning and geologic emission ranges (Nicewonger et al., 2016). Geologic and 
biomass burning sources were allowed to vary from 1-5 Tg y-1 at 0.01 Tg y-1 increments. Ethane 
mixing ratios in the polar regions (60-90°) were calculated for all permutations of geologic and 
biomass burning emissions. The permutations resulted in 501 x 501 possible combinations of 
geologic and biomass burning emissions and the corresponding ethane mixing ratios over the 
polar regions. Fossil fuel emissions were assumed to be zero. Biofuel emissions were held 
constant at 0.5 Tg y-1 according to van Aardenne et al. (2001). 
 The modeled ethane mixing ratios were compared with the ice core observations from 
Greenland and Antarctica. Model scenarios of geologic and biomass burning emissions that 
yielded ethane levels in the 60-90°N and 60-90°S boxes that fell within ±2 standard errors of the 
preindustrial mean from the ice core data were considered viable (Nicewonger et al., 2016). This 
resulted in a range of both biomass burning and geologic ethane emissions which we judged as 
successful reconstructions of the ice core ethane levels.  
3.2.2 Six-box steady state model: modern simulation  
 A similar approach was taken to simulate modern atmospheric levels of ethane during 
two time periods: 1980 CE when ethane levels peaked and during the 2000-2010 CE period. In 
these simulations, fossil fuel and biomass burning emissions were varied from 0-20 Tg y-1 at 0.05 
Tg increments. Geologic emissions were fixed at a “low-end” and “high-end” value. This range 
was determined as the plausible range in the geologic ethane source strength based on the 
preindustrial simulation and the ice core ethane observations.  
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 For the 1980 CE simulation, biofuel emissions were held at 1.5 Tg y-1 based on historical 
emissions from the EDGAR-HYDE inventory (van Aardenne et al., 2001). This resulted in 401 x 
401 possible scenarios of fossil fuel and biomass burning emissions for the “low-end” geologic 
scenario and the same number for the “high-end” geologic scenario. Ethane mixing ratios in the 
polar regions (60-90°) were calculated for all permutations of fossil fuel and biomass burning 
emissions for the two geologic scenarios. Emission scenarios were considered viable if they 
yielded ethane levels in the 60-90°N and 60-90°S boxes that agreed within ± 5% of the 
atmospheric ethane level around 1980 CE as inferred from Greenland and Antarctica firn air 
measurements (Aydin et al., 2011; Nicewonger et al., 2016)  
 For the 2000-2010 CE simulation, biofuel emissions were held at 2.0 Tg y-1 based on the 
EDGAR-HYDE inventory (van Aardenne et al., 2001). Again, this simulation resulted in 401 x 
401 possible scenarios of fossil fuel and biomass burning emissions for the “low-end” geologic 
scenario and the same number for the “high-end” geologic scenario. Ethane mixing ratios in the 
each of the six boxes were calculated for all permutations of fossil fuel and biomass burning 
emissions for the two geologic scenarios. Modern atmospheric observations of ethane over 
Greenland, Antarctica, and the tropics (30°N-30°S) were used to constrain successful model 
emission scenarios. To constrain ethane in the tropics, the average ethane level was computed for 
the northern tropics (0–30°N) and southern tropics (0–30°S) boxes and the results were 
compared to the modern average ethane level measured in flasks during 2000–20010 C.E. 
(Simpson et al., 2006; Blake, 2013). An example of the results from the six-box model is shown 
in Figure 3.2. 
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Figure 3.2: Results from the six-box model for the preindustrial and modern simulation (Nicewonger 
et al., 2016). The preindustrial simulation constrained the range of geologic emissions that were used in 
the two modern simulations (2000-2010 CE and 1980 CE). Viable scenarios are enclosed by the 
colored contours.  
 
3.4 Chemistry transport model  
 The UCI-Chemistry Transport Model (UCI-CTM) is a three-dimensional tropospheric 
CTM and for this work it is run in a configuration with roughly 2.8° x 2.8° horizontal resolution 
and 57 vertical layers (Prather and Hsu, 2010; Holmes et al., 2013). Transport in the UCI-CTM 
is driven by reanalysis-forecast meteorological fields from the European Center for Medium-
Range Weather Forecasting (ECMWF). The major tropospheric chemistry reactions are 
described by Holmes et al. (2013). Fossil fuel emissions of ethane and acetylene were based on 
the RCP year 2000 inventories from Lamarque et al. (2010) but scaled up to best estimates of the 
current emissions (Xiao et al., 2007, 2008). Biomass burning emissions of dry matter were based 
on the Global Fire Emissions Database version 3.1 (GFED3.1; van der Werf et al., 2010). 
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Emission factors from Akagi et al. (2011) were used to calculate biomass burning emissions of 
ethane and acetylene from dry matter emissions (Table 3.4). The modeled methane lifetime due 
to troposopheric OH oxidation is 8.96 years, which is 25% lower than the OH methane lifetime 
of 11.2 years dervived from CH3CCl3 observations from (Prather et al., 2012). To account for 
the high levels of OH in the UCI-CTM, the lifetimes of ethane and acetylene were increased by 
25% by correspondingly reducing their reaction rate coefficients with OH. The OH loss of is 
calculated using kOH+C2H6(T) = 6.53 x 10
-12 exp (-1070/T) cm3 molecules-1 s-1 (scaled by 0.75 
from Sander et al., 2006). The OH loss of acetylene is calculated by: ko(T) = 4.125 x 10
-30 cm3 
molecules-1 s-1  and k∞(T) = 6.225 x 10
-13 (T/300)2 cm3 molecules-1 s-1, where ko is the low-
pressure limit and k∞ is the high-pressure limit (scaled by 0.75 from Burkholder et al., 2015). For 
the CTM simulations, all results were obtained from the final year (2007) of three-year 
simulations (years 2005-2007).  
Table 3.4: Emission factors used in the UCI-CTM simulations to calculate emissions of ethane and 
acetylene from dry matter emissions. Based on the GFED 3.1 database (van der Werf et al., 2010; 
Akagi et al., 2011).  
Biome Ethane EF (g kg-1) Acetylene EF (g kg-1) 
Agriculture 1.24 0.27 
Deforestation 0.88 0.44 
Forest 0.67 0.27 
Peat 0.88 0.06 
Savanna  0.39 0.24 
Woodland 0.64 0.26 
 
3.4.1 CTM perturbations and sensitivity calculations  
 Tracer experiments were designed to estimate the response (sensitivity) of ethane and 
acetylene levels over Greenland and Antarctica to small changes in emissions from various 
spatial/temporal geographic patterns of major ethane and acetylene sources. This approach is 
slightly different from the “perturbation” approach used in Nicewonger et al. (2018) to calculate 
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sensitivities. Details on this approach can be found in Nicewonger et al. (2018) and in Appendix 
D. To calculate the sensitivity factors, ethane-like and acetylene-like tracer species are emitted at 
known emissions (Tg y-1) from each of our specific source regions (there are no background 
emissions from other sources). The tracer species reacts in the model with the same OH kinetics 
and stratospheric loss as either ethane or acetylene, but it does not alter the background 
chemistry and OH levels. Simulations were carried out in which emissions of ethane and 
acetylene tracer were added to various geographical regions and the resulting mixing ratios over 
Greenland and Antarctica were calculated. The sensitivities for Greenland and Antarctic 
abundance levels versus regional emission levels is calculated as:  
Sensitivity =
ppt
Tg y−1
 
(3.4) 
Ethane and acetylene abundance levels (in ppt) were calculated by integrating the column 
average of the compound up to model layer 19 (roughly 500 hPa) and by integrating the area-
weighted average of air to the same model layer over the horizontal polar regions (60-90°N for 
Greenland and 60-90°S for Antarctica).  
 Sensitivities were computed for ethane and acetylene levels over Greenland and 
Antarctica for global emissions from biomass burning, biofuels, fossil fuels and geologic 
emissions. Sensitivities were also calculated for biomass burning from different geographic 
emissions. An example of the geographic distribution of ethane emissions from biomass burning 
used in the CTM and the resulting annual mean surface ethane mixing ratios (integrated to 500 
mb) are shown in Figure 3.3. Table 3.5 shows the resulting model sensitivities for ethane and 
acetylene for various source/geographic regions. Table 3.6 describes each tracer simulation.  
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Figure 3.3: UCI-CTM global biomass burning emissions and resulting annual mean ethane mixing 
ratios in the tracer simulation. Top: Biomass burning emissions of ethane in the CTM (GFED3.1, van 
der Werf et al., 2010). Note the scale is in natural log (emissions) to show the range in emission 
magnitude. Bottom: Resulting mixing ratio of ethane across the globe from the global biomass burning 
tracer simulation. Note the scale is in natural log (ethane) to show the range in global ethane mixing 
ratios from this tracer simulation.  
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Table 3.6:  Different emission sesntivity calculations with the of UCI-CTM.  
Perturbation Description 
Fossil fuel Fossil fuel emissions from the RCP 60-year 2000 
inventory (Lamarque et al., 2000) 
Biofuel Biofuel source of ethane and acetylene with a 
geographic distribution based on Yevich and Logan 
(2003).  
Geologic  Geologic source of ethane with a geographic 
distribution based on Etiope and Ciccioli (2009).  
Biomass burning: non-boreal Biomass burning emissions from 50°N to 90°S (all 
longitudes) 
Biomass burning: boreal – all Biomass burning emissions from 50°N to 90°N (all 
longitudes)  
Biomass burning: Southern Hemisphere Africa  Biomass burning emissions in the southern 
hemisphere portion of Africa bound by 0-35°S and 
13-60°E (includes Madagascar and small islands) 
Biomass burning: Southern Hemisphere America Biomass burning emissions in southern hemisphere 
America bound by 0-60°S and 35-81°W 
Biomass burning: Australia Biomass burning emissions in Australia bound by 
9-55°S and 111-168°E 
Biomass burning: Tropics Biomass burning emissions from 30°N to 30°S (all 
longitudes) 
Biomass burning: Globe Global biomass burning emissions using GFED3 
climatology from 1997-2009 (van der Werf et al., 
2010) (all latitudes and longitudes) 
 
3.4.2 Simulating atmospheric levels with CTM sensitivities  
The CTM sensitivities calculated from the 10 emission patterns (Table 3.6) were used to 
simulate atmospheric ethane and acetylene levels over a range of biomass burning and geologic 
(ethane only) emission scenenarios over the 1000 to 2000 CE period. The sources could vary 
over a set range resulting in multiple emission scenarios. Atmospheric levels of ethane and 
acetylene were calculated for each scenario summing over the various types of emissions 
multiplied by the sensitivity of that emission type.  
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 The modeled Greenland and Antarctica ethane and acetylene levels were compared to the 
ice core observations. Emission scenarios were evaluated for defined time periods by using the 
following functions, with ethane as an example:    
∆ethane,grn  =  
|mgrn  −  o̅grn|
o̅grn
   
(3.5) 
   ∆ethane,ant  =   
|mant  −  o̅ant|
o̅ant
 
(3.6) 
where m stands for the modeled ethane level and o for the observed mean level of ethane from 
the ice core record from Greenland (grn) and Antarctica (ant). A modeled emission scenario was 
considered viable if Δethane,grn and Δethane,ant were both <0.1. A modeled emission scenario was 
rejected if either Δethane,grn or Δethane,ant, were >0.1. Details of the application of the CTM 
sensitives and interpretation of the ethane and acetylene ice core records are found in subsequent 
chapters.  
 
3.5 One-box steady-state methane model  
 The atmospheric lifetime of methane is long relative to the time scale for tropospheric 
transport, and north-south gradients are small relative to the change in abundance since the 
preindustrial. Thus, a one box, steady-state atmospheric box model was used to infer methane 
emissions during the preindustrial era. The methane box model includes sources of methane from 
biogenic (wetlands, agriculture), biomass and biofuel burning, and geologic outgassing. Two 
versions of the model were used.  
  Version 1 used in Nicewonger et al. (2018) assigns the 13C/12C ratios for each methane 
source after Schwietzke et al. (2016) (Table 3.7). The rate constants for each methane loss 
pathway (OH, soil, stratosphere) were based on previous estimates and isotope fractionation 
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factors (Mischler et al., 2009, Table 3.8). The atmospheric lifetime of methane to OH in the 
model is set to 9.5 years based on the three-dimensional global OH and temperature distributions 
from Spivakovksy et al. (2000). The model solves the mass balance equations for CH4, 
12CH4 and 
13CH4 as follows:  
𝐶𝐻4 =
∑ 𝑠𝑜𝑢𝑟𝑐𝑒𝑠
𝑘𝑡𝑜𝑡𝑎𝑙
=
𝑔𝑒𝑜𝑙𝑜𝑔𝑖𝑐 +  𝑚𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 +  𝑏𝑖𝑜𝑚𝑎𝑠𝑠 +  𝑏𝑖𝑜𝑓𝑢𝑒𝑙
(𝑘𝑂𝐻 + 𝑘𝑠𝑜𝑖𝑙 + 𝑘𝑠𝑡𝑟𝑎𝑡)
 
 
(3.7) 
𝐶𝐻4
12 =  
∑ 𝐶𝐻4
12  sources
(𝑘𝑂𝐻 + 𝑘𝑠𝑜𝑖𝑙 + 𝑘𝑠𝑡𝑟𝑎𝑡)
 
 
(3.8) 
𝐶𝐻4
13   =
∑ 𝐶𝐻4
13  𝑠𝑜𝑢𝑟𝑐𝑒𝑠
(𝛼𝑂𝐻 ∗ 𝑘𝑂𝐻  + 𝛼𝑠𝑜𝑖𝑙 ∗ 𝑘𝑂𝐻  + 𝛼𝑠𝑡𝑟𝑎𝑡 ∗ 𝑘𝑠𝑡𝑟𝑎𝑡)
  
 
(3.9) 
δ CH4 =  ((
( CH4
13 CH4
12⁄ )sample
( CH4
13 CH4
12⁄ )std
) − 1) ∗ 100013  
(3.10)  
 
where sources are in Tg y-1. The loss constants (k) are calculated by multiplying by their 
respective relative contributions to the total loss term (1/ktotal) as follows:  
𝑘𝑡𝑜𝑡𝑎𝑙  =  
1
9.5 𝑦𝑒𝑎𝑟𝑠
0.88
 
(3.11) 
where 9.5 years is the assigned methane lifetime due to OH oxidation and 0.88 is the relative 
contribution of the OH oxidation to the total methane sink (Mischler et al., 2009). The 
stratospheric and soil sink relative contribution are 7% and 5%, respectively (Mischler et al., 
2009). Isotope fractionation factors were assigned to each sink based on Mischler et al. (2009) 
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(Table 3.8). The 13C/12C standard used is 0.0112372 (Craig, 1957). MATLAB script for Version 
1 of the one-box methane model is found in Appendix A. 
 In version 2 of the model, the end-member 13C/12C for biomass burning, biofuel burning 
and biogenics were adjusted by 1.8‰ to account for the depletion in the source material δ13CO2 
which has occurred since industrialization (Rubino et al., 2013, Table 3.7). This correction 
provides a better estimate of the 13C/12C of methane sources during the preindustrial period. 
Version 2 includes an additional methane loss to Cl. The Cl sink is estimated at 5% of the total 
methane loss (Allan et al., 2007; Prather et al., 2012). The lifetime of methane with respect to 
OH, soil, stratosphere and Cl is 11.2 y, 200 y, 120 y, and 200 y, respectively (Curry, 2007; 
Prather et al., 2012). The isotope fractionation factors for each sink were assigned from Lassey 
et al. (2007). The OH, soil, stratosphere, and Cl fractionation factors are 0.995, 0.980, 0.970, and 
0.940, respectively (Table 3.8). The model solves the mass balances equations for CH4, 
12CH4 
and 13CH4 as in Version 1. MATLAB script for Version 2 of the one-box methane model is 
found in Appendix A.  
3.5.1 Simulating atmospheric methane levels 
 The one-box model was used to calculate the atmospheric methane mixing ratio and 
δ13CH4 for various emission scenarios. Emissions of methane from biomass burning, microbial, 
and geologic sources were varied over a set range. The resulting methane mixing ratio and 
δ13CH4 from each emission scenario were compared to ice core records of 12CH4 and δ13CH4 
(Table 3.9).  
 Emission scenarios were evaluated for defined time periods by using the following 
functions:  
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ΔCH4 =  
|m[CH4]  −  o̅[CH4]|
o̅[CH4]
  
(3.12) 
 
Δδ13CH4 =  
|m𝛿 CH413  −  o̅𝛿 CH413 |
|δ CH13 4max − δ CH
13
4min|
 
(3.13) 
 
where m stands for the modeled methane value and o for the observed mean methane value from 
the ice core record. A modeled emission scenario was considered viable if ΔCH4 and Δδ13CH4 were 
both <0.1. A modeled emission scenario was rejected if either ΔCH4 or Δδ13CH4 were >0.1. The 
denominator in the second part of the calculation is the absolute value of the observed range in 
the δ13CH4 ice core record over the 2,000-year period of interest in this study, roughly 3‰. 
Details of the application of this model are discussed in Chapter 6.  
 
Table 3.7: Methane isotopic source end-member signatures used in the two versions of the box 
model.  
Source  δ13C (‰) 
 Version 1  Version 2 
Microbial (wetlands, agriculture)  -62.3 -60.5 
Geologic/Fossil  -43.0 -43.0 
Biomass burning -22.3 -20.5 
Biofuel burning -22.3 -20.5 
 
Table 3.8: Kinetic isotope effect (α) for the methane losses used in the one-box model. Version 1 data 
is from Mischler et al. (2009) and version 2 data is from Lassey et al. (2007).  
Loss α = k(13CH4)/k(12CH4) 
 Version 1 Version 2 
Troposphere (OH) 0.9961 0.9950 
Stratosphere 0.9847 0.9800 
Soils 0.9824 0.9700 
Chlorine (Cl) -- 0.9400 
 
78 
 
Table 3.9: Ice core methane mixing ratios and δ13CH4 used in the box model. Methane mixing ratios 
are from MacFaurling Muere et al. (2006), Mitchell et al. (2011), and Sowers (2010). Ice core δ13CH4 
measurements are from Ferretti et al. (2005), Mischler et al. (2009), and Bock et al. (2017).  
 Mean [CH4] 
(ppb) 
Mean δ13CH4 
(‰) 
Medieval Period (MP) 682.5 -47.49 
Little Ice Age (LIA) 700.6 -48.91 
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CHAPTER 4 
Polar ice core records of ethane   
Includes excerpts from: 
M. R. Nicewonger, K. R. Verhulst, M. Aydin, E. S. Saltzman, “Preindustrial atmospheric ethane 
levels inferred from polar ice cores: A constraint on the geologic sources of atmospheric ethane 
and methane,” Geophysical Research Letters, (2016) 
M. R. Nicewonger, M. Aydin, M. J. Prather, E. S. Saltzman, “Large changes in biomass burning 
over the last millennium inferred from paleoatmospheric ethane in polar ice cores,” Proceedings 
of the National Academy of Sciences, (2018).  
4.1 Overview  
 In this chapter, ethane measurements in air extracted from ice cores from Greenland and 
Antarctica are presented. The ice core samples analyzed span the last ~3,000 years. This is the 
first millennial-scale record of ethane in ice cores and the first attempt to use ice core ethane to 
constrain preindustrial biomass burning emissions. The chapter is organized by first describing 
the ethane results from two different analytical methods (as described in Chapter 2) and 
comparing the similarities and differences between the two ethane datasets. Then, preindustrial 
budgets for ethane are inferred using atmospheric models (Chapter 3) with the ice core ethane 
records collected using the improved analytical procedure (procedure 4).  
4.2 Results and discussion  
4.2.1 Procedure 1 results  
  Ethane results from WAIS-Divide (WDC05A) and Summit (GISP2B) using wet-
extraction procedure 1 (see Chapter 2 for description) are shown in Figure 4.1. The WDC05A 
measurements were conducted as three separate sets with 11 samples measured in 2011, 7 
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samples measured in 2012, and 15 samples measured in 2014 (Nicewonger et al., 2016; Verhulst, 
2014). The measurements were blank corrected using the average of all applicable post-melt N2 
blanks from the measurement year, excluding 2σ outliers (Table 4.1). For the WDC05A samples 
analyzed in 2014, the blanks were roughly 50% of ethane measured in an average WDC05A 
sample. Blanks for GISP2B samples were similar and comprise roughly 20% of the ethane in an 
average GISP2B sample. The blank variability is the largest source of measurement uncertainty. 
The overall uncertainty for an individual ice core measurement is calculated by propagating the 
variance in the calibrations and blanks and average ±7% and ±17% (1σ) for GISP2B and 
WDC05A samples analyzed using procedure 1, respectively. 
Table 4.1. Ethane levels in the post melt N2 blanks from procedure 1 (mean + 2σ).  
Year Core 1st N2 blank 
pmol C2H6 
2nd N2 blank 
pmol C2H6 
3rd N2 blank 
pmol C2H6 
2011 WDC05A 0.16 ± 0.05 0.16 ± 0.05 0.13 ± 0.07 
2012 WDC05A 0.12 ± 0.07 
  
2014 WDC05A 0.09 ± 0.03 0.10 ± 0.14 
 
2014 GISP2B 0.09 ± 0.05 0.11 ± 0.07  
 
 
 The Greenland GISP2B samples cover the period from 1456-1862 CE at a resolution of 
20–30 years (Figure 4.1). Ethane levels from 1450-1750 CE range from 356-520 ppt with a mean 
of 409 ± 49 ppt (±1σ, n=17). There are slightly higher ethane levels in younger samples, with the 
measurements from 1750-1862 CE averaging 528 ± 37 ppt (n=8). The increase in ethane levels 
in the GISP2B samples after 1750 CE may be the beginning of the increasing ethane trend in the 
northern hemisphere. Many of the shallow GISP2B samples have low but measurable levels of 
CFC-12 (1 ppt ≤ CFC-12 ≤ 10 ppt, Figure 4.1) which makes it challenging to determine if the 
rise in the Greenland ethane level after 1750 CE is an atmospheric signal or an artifact caused by 
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modern air contamination. The ethane rise in the northern hemisphere during the 1700’s has 
since been verified with measurements in CFC-free ice core air (see section 4.2.2). 
 The WDC05A samples from Antarctica cover the time period from 994-1918 CE at an 
average resolution of 30 years (Figure 4.1). The ethane measurements from 1450-1750 CE range 
from 77-143 ppt with a mean of 106 ± 19 ppt (n=11). Over the 900-year measurement period, 
ethane is highest around 1000 CE at nearly 200 ppt and steadily declines over the next few 
hundred years. The WDC05A measurements after 1750 CE are slightly higher at 131 ± 35 ppt (n 
= 9) because of three elevated replicates from 1918 CE (>150 ppt). The mean of the two sets of 
replicates from 1845 C.E. and 1884 CE is 112 ppt (n=5) and is not significantly different from 
 
Figure 4.1: Atmospheric ethane from (top) Summit, Greenland (GISP2B) and (bottom) WAIS Divide, 
Antarctica (WDC05A) ice core samples using wet-extraction procedure 1. Reconstructions of 
atmospheric ethane levels over Antarctica from firn air measurements from WAIS Divide (blue line) 
and South Pole (black dashed line) are also shown (Aydin et al., 2011). Samples with CFC-12 levels > 
1ppt are shown by the red circles. Ethane errors presented as 1σ. 
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the 1450–1750 CE mean. Overall, eight out of ten replicate measurements from WDC05A agree 
within analytical uncertainties. The two exceptions are samples older than 1400 CE that were 
analyzed in 2011 and 2012 when the blank uncertainties were larger (Table 4.1). 
 
4.2.2 Procedure 4 results  
 Ethane measurements in the GISP2D, GISP2B, WDC05A, WDC06A and SPC14 cores 
conducted using the improved wet-extraction procedure (procedure 4) are shown in Figure 4.2 
and Figure 4.3. The Greenland ethane measurements are from the fluid-drilled GISP2D core and 
the shallow, dry-drilled GISP2B core. The GISP2D samples range from 95.6 m to 730.4 m 
depth, corresponding to gas ages of 1892 CE and 1206 BCE, respectively. The GISP2B samples 
range from 87.6 m to 194.1 m depth, corresponding to gas ages of 1918 CE and 1477 CE, 
respectively. There is good agreement between ethane levels in samples of contemporaneous age 
from the GISP2B and GISP2D ice cores, indicating ethane can be successfully measured in ice 
cores without interference and contamination from hydrocarbon-based drill fluids.  
The Antarctic ethane measurements are from the shallow, dry-drilled WDC05A core and 
the deep, fluid-drilled WDC06A and SPC14 cores. The WDC05A samples ranged from 83.2 m 
to 298 m depth, corresponding to gas ages of 1926 CE and 994 CE, respectively. The WDC06A 
samples ranged from 116.9 m to 603.7 m depth, corresponding to gas ages of 1781 CE and 303 
BCE, respectively. The SPC14 samples ranged from 130.7 m to 294.4 m depth, corresponding to 
gas ages of 1817 CE and 387 BCE, respectively. There is good agreement between ethane levels 
from the three Antarctic ice cores in samples from contemporaneous age during the 1000-1900 
CE period. Prior to 1000 CE, samples of concurrent age from different sites have higher scatter 
which may be due to experimental issues. For example, around 1000 CE, ethane levels range 
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from 80 to 147 ppt (WDC06A [gas age 1007 CE] = 93 ppt, WDC05A [gas age 994 CE] = 80 ppt, 
and SPC14 [gas age 988 CE] = 147 ppt). 
Procedure 4 samples with elevated levels of CFC-12 (>1 ppt), known experimental 
issues, or exceptionally high ethane levels were excluded from analysis and interpretation. 
Twenty-four samples from the GISP2D core, 10 samples from the WDC05A core, 3 samples 
from the SPC14 core, and 2 samples from the WDC06A core were excluded. These data are 
shown in Figure 4.2 and are listed in Appendix B. 
 The Greenland ethane record exhibits some variability over the roughly 3,000-year period 
(Figure 4.3). The average ethane level over Greenland for the whole record is 520 ± 70 ppt 
(excluding the shallowest samples with gas ages of 1892 and 1918 CE). The Greenland record 
 
Figure 4.2: Ethane ice core data from procedure 4 excluded from analysis and interpretation (red). 
Data is found in Appendix B. Top: Greenland ethane from GISP2B (squares) and GISP2D (circles). 
Bottom: Antarctic ethane from WDC05A (circles), WDC06A (triangles), and SPC14 (squares).  
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exhibits more scatter prior to 1000 CE with ethane levels ranging from 398 to 761 ppt. The mean 
ethane level (523 ± 86 ppt) prior to 1000 CE is not significantly different from the mean ethane 
level of the whole record. There is good consistency with the ethane measurements after 1000 
CE. The mean Greenland ethane level during 983-1512 CE is 515 ± 34 ppt. The Greenland 
ethane level declines slightly after 1500 CE. Greenland ethane levels are 489 ± 49 ppt from 
1600-1807 CE. After roughly 1807 CE, ethane levels begin to quickly rise, likely due to 
anthropogenic ethane emissions.  
 
Figure 4.3: Atmospheric ethane from Greenland (top) and Antarctica (bottom) ice cores using wet-
extraction procedure 4. Measurements from Greenland are from the GISP2D (purple circles) and 
GISP2B (teal squares) ice cores. Measurements from Antarctica are from the WDC05A (blue circles), 
WDC06A (red triangles) and SPC14 (green squares) ice cores. Atmospheric ethane levels over 
Summit, Greenland and South Pole, Antarctica reconstructed from firn air measurements (black lines) 
are also shown (Aydin et al., 2011). Ethane errors presented as 1σ. 
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The Antarctic record displays significant variability over the 2,300-year time period 
(Figure 4.3). The mean ethane level for the whole record is 106 ± 23 ppt, which is roughly 50% 
of the mean annual ethane level observed over Antarctica today (~210 ppt). Ethane levels are 
relatively high from 303 BCE-1474 CE with a mean level of 116 ± 18 ppt. After 1500 CE, 
ethane levels in all three cores drop by about 30% reaching a minimum from 1611-1887 CE of 
79 ± 14 ppt. After the late-1800s, ethane levels over Antarctica begin to slowly rise, which likely 
indicates the early onset of anthropogenic ethane emissions to Antarctica. The late 19th century 
rise in ethane levels over Antarctica is delayed by several decades from what is observed over 
Greenland.  
4.2.3 Comparison of procedure 1 and 4 ethane results 
 The ethane results from using analytical procedure 1 (section 4.2.1) and procedure 4 
(section 4.2.2) are shown together in Figure 4.4. Overall, Greenland ethane levels from 
procedure 1 are generally lower than those from procedure 4, although there are time periods 
where contemporaneous samples agree well, such as after 1850 CE. From 1400-1750 CE, the 
mean ethane level from procedure 1 and procedure 4 are statistically different (p = 4.4x10-6). 
Nearly all procedure 1 Antarctic ethane data are higher than that from procedure 4. From 980-
1920 CE, the mean Antarctic ethane level from procedure 1 and procedure 4 are statistically 
different (p = 6.2x10-5). 
Although the two datasets collected with different procedures are statistically different, 
the trends observed in both the Greenland and Antarctic data are similar (Figure 4.5 and Figure 
4.6). Both datasets indicate ethane levels over Greenland were declining from 1400-1750 CE, but 
the decline in procedure 1 ethane levels is not statistically significant (slope = -0.16 ± 0.19 [±1 
SE] with an r2 <0.01). When the post-1750 CE data is included, both datasets show increasing 
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Greenland ethane levels into the modern era with slopes of 0.31 ± 0.11 and 0.39 ± 0.23 for 
procedure 1 and procedure 4, respectively. The positive trend is driven by the increasing ethane 
levels after 1750 CE, which is likely caused by early anthropogenic ethane emissions in the 
northern hemisphere. Although the mean ethane levels between the two datasets are not 
statistically similar, the overall increasing trend observed over Greenland from 1400-1900 CE is 
the same between the two procedures.  
 The Antarctic datasets both show statistically significant declines in ethane levels from 
1000 to late-1800 CE with slopes of -0.09 ± 0.02 and -0.07 ± 0.01 for procedure 1 and procedure 
4, respectively (Figure 4.6). Interestingly, although the mean ethane levels are statistically 
different between the two data sets, the overall decreasing trend is similar. This indicates that 
although procedure 1 ethane data was elevated, likely due to high analytical blanks, the analysis 
 
Figure 4.4: Ethane measured in Greenland (top) and Antarctic (bottom) samples using analytical 
procedure 1 (white markers) and procedure 4 (colored markers).   
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technique was still capturing an atmospheric signal. Both datasets also suggest increasing 
Antarctic ethane levels at the turn of the 20th century (white circles in Fig. 4.6), which likely 
marks the timing of anthropogenic ethane emissions impacting Antarctic ethane levels.  
 Analysis and interpretation of the ice core ethane records is completed only on the 
procedure 4 data set because of 1) increased analytical blanks in procedure 1 vs. procedure 4 
(Chapter 2) and 2) the statistical evidence which shows the two datasets are different.  
 
Figure 4.5: Trends in the Greenland ethane data. Greenland ethane levels (in ppt) from procedure 1 
(left) and procedure 4 (right). For procedure 1, the green data points indicate the data that was used for 
the linear regression from 1400-1750 CE. The resulting regression line (dashed line), slope, and r2 are 
also shown in green. The black line indicates the linear regression performed on the entire data set from 
1400-1900 CE. For procedure 4, the purple data points indicate the data that was used for the linear 
regression from 1400-1750 CE. The resulting regression line (dashed line), slope, and r2 are shown in 
purple. The black line indicates the linear regression performed on the whole data set from 1400-1900 
CE. The uncertainty on the slopes is 1 SE. 
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Figure 4.6: Trends in the Antarctic ethane data. Antarctic ethane levels from procedure 1 (left) and 
procedure 4 (right). The linear regression is performed on the filled data points. The uncertainty on the 
slope is 1 SE.  
 
4.3 Implications for the preindustrial ethane budget   
Large changes are observed in the ice core ethane levels, particularly over Antarctica 
during the last 1,000 years. Using the UCI-CTM sensitivities (Table 3.5) for biomass burning, 
biofuel burning, and geologic ethane sources, various emission scenarios can be explored that 
reconstruct the ice core ethane data. The ice core data were divided into two time periods: 1) the 
Medieval Period (MP) from 1000-1500 CE and 2) the Little Ice Age (LIA) from 1600-1800 CE.  
A grid-search method was used to explore a range of emissions scenarios and identify those 
compatible with the ice core results. In all scenarios, biofuel emissions of ethane were fixed at 
0.5 Tg y-1 based on van Aardenne et al. (2000). Mixing ratios were calculated by summing the 
sources of each gas multiplied by their respective sensitivities. Viable emission scenarios were 
determined using equations 3.5 and 3.6 as described in Chapter 3.  
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4.3.1 Ethane budget with no Cl sink    
 For the first set of emission scenarios, it was assumed that there was no Cl sink in the 
ethane budget and the only sink of ethane was due to OH oxidation. Scenarios of global biomass 
burning (GFED3.1) and geologic emissions that could reproduce the Greenland and Antarctica 
ice core ethane levels during the two time periods were explored. In this 2-D approach, there are 
no emissions scenarios which can reproduce the ice core data during both the MP and LIA. This 
suggests that biomass burning emissions during the last 1,000 years did not change in sync 
globally, but rather varied independently in different geographic regions.  
 To allow for more freedom, we explored emissions scenarios that permitted the non-
boreal biomass burning emissions (50°N to 90°S) and boreal biomass burning emissions (>50°N) 
to vary independently through time. The non-boreal region accounts for roughly 80% of ethane 
biomass burning emissions, with most of these emissions occurring in the tropical zone (30°N-
30°S). This approach is suitable because the Greenland and Antarctic ethane levels have different 
sensitivities to biomass burning emissions in the two regions. For example, the Greenland ethane 
sensitivity to boreal fire emissions 214 ppt/Tg y-1 while the Antarctic ethane sensitivity to boreal 
fire emissions is roughly 4 ppt/Tg y-1. Boreal, non-boreal, and geologic ethane emissions could 
vary from 0 to 3 Tg y-1, 0 to 5 Tg y-1, and 0 to 7 Tg y-1, respectively. The valid emission 
scenarios for the MP and LIA are shown in Figure 4.7 in contours of goodness of fit. The 
goodness of fit is calculated as:  
𝐺𝑜𝑜𝑑𝑛𝑒𝑠𝑠 𝑜𝑓 𝑓𝑖𝑡𝑒𝑡ℎ𝑎𝑛𝑒 = √  (
|mgrn  −  ogrn|
ogrn
)
2
  +    (
|mant  −  oant|
oant
)
2
  
(4.2) 
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where m stands for the modeled value and o for the observed mean value from the ice core 
records. The goodness of fit was calculated for the MP and LIA separately. The goodness of fit 
ranges from 0 to 0.14, with 0 corresponding to a perfect fit to the mean of the ice core records. 
 
Figure 4.7: Modeled ethane boreal and non-boreal biomass burning and geologic emission scenarios 
for the Medieval Period (1000-1500 CE, left) and Little Ice Age (1600-1800 CE, right). Contours are of 
goodness of fit with a value of 0 corresponding to a perfect fit to the mean of the ice core records. 
Emissions are in Tg ethane y-1. 
 
 There are valid emission scenarios during the MP of non-boreal and boreal biomass 
burning ranging over the 0-5 Tg y-1 geologic range. However, during the LIA, valid emission 
scenarios are not obtained for geologic emissions greater than 3 Tg y-1. The magnitude of 
geologic hydrocarbon emissions is heavily debated (Etiope and Ciccioli, 2009; Petrenko et al., 
2017). Estimates of geologic ethane emissions in the contemporary atmosphere range from 2-4 
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Tg y-1 (Etiope and Ciccioli, 2009). Petrenko et al. (2017) used ice core Δ14C measurements of 
methane in ice cores to estimate the radiocarbon depleted source of methane (i.e. fossil or 
geologic source) in the preindustrial atmosphere and found that this component is small and 
closer to zero than the contemporary estimates. From this analysis, and more recent analysis of 
ice cores covering the last few hundred-year time period (M. Dyonisius., personal 
communication), the geologic hydrocarbon source of methane, and ultimately ethane, has been 
quantified at minimal values (near zero). For the purpose of interpreting the ice core ethane 
records, we assume geologic ethane emissions are low, but constant through time and range from 
0 to 2 Tg y-1.  
 For geologic ethane emissions of 0 Tg y-1, boreal and non-boreal ethane emissions during 
the MP of 3.2 ± 0.2 Tg y-1 and 1.9 ± 0.1 Tg y-1, respectively, are required to reconstruct the ice 
core levels during that time (Figure 4.8). The MP total burning ethane budget is 5.1 ± 0.2 Tg y-1 
which is a nearly a factor of 1.5 greater than modern ethane biomass burning emissions estimate 
from the Global Fire Emissions Database 4 (GFED4.1) inventory (3.4 Tg y-1; van der Werf et al., 
2017; globalfiredata.org). During the LIA, non-boreal ethane emissions decline to  
2.1 ± 0.2 Tg y-1, while boreal emissions stay nearly constant at 1.9 ± 0.1 Tg y-1 (Figure 4.8 and 
Table 4.3). The LIA total burning ethane budget is 3.9 ± 0.2 Tg y-1. The ice core data indicates 
that with zero geologic emissions, biomass burning emissions are required to decline by 23% 
with most of the decline occurring in the non-boreal region (tropics). During both the MP and 
LIA, this scenario requires preindustrial biomass burning ethane emissions greater than the 
modern-day estimate from GFED4.1.  
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Figure 4.8: Biomass burning scenarios for ethane (left) for geologic ethane emissions fixed at 0 Tg y-1 
(dashed lines) and 2 Tg y-1 (solid lines) and the resulting ethane mixing ratios over Greenland and 
Antarctica (right). Boreal emissions (blue) and non-boreal emissions (black) could vary independently 
through time. The solid or dashed lines represented the mean and the shaded area is the ±1σ 
uncertainty.  
 
 Assuming geologic emissions are higher at 2 Tg y-1, boreal and non-boreal ethane 
emissions during the MP of 2.0 ± 0.2 Tg y-1 and 1.2 ± 0.1 Tg y-1, respectively, are required to 
reconstruct the ice core levels during that time (Figure 4.9). The MP total burning ethane budget 
is 3.2 ± 0.2 Tg y-1. During the LIA, non-boreal emissions decline by 56% to 0.9 ± 0.2 Tg y-1. 
Similarly to the zero-geologic case, boreal ethane emissions stay nearly constant between the two 
time periods with LIA emissions of 1.2 ± 0.1 Tg y-1 (Table 4.3). The LIA total burning ethane 
budget is 2.1 ± 0.2 Tg y-1. The ice core data indicates that with 2 Tg y-1 geologic emissions, 
biomass burning emissions are required to decline by 37% with most of the decline occurring in 
the non-boreal region (tropics). During the MP, ethane biomass burning emissions are 
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comparable to the modern-day ethane biomass burning estimate from GFED4.1, while LIA 
ethane biomass burning emissions are roughly 60% of the modern-day estimate.  
 These simulations suggest that 1) biomass burning ethane emissions during the MP were 
higher than, or comparable to modern biomass burning ethane emissions, 2) biomass burning 
ethane emissions during the LIA were comparable to, or less than modern biomass burning 
ethane emissions, and 3) biomass burning ethane emissions in the non-boreal region declined 
from the MP to LIA. The implications of these biomass burning scenarios on global fire and how 
the trends in the ethane biomass burning records compares with those inferred from ice core 
acetylene and methane is discussed in Chapter 6. 
 4.3.2 Ethane budget with Cl sink    
 The Cl sink for ethane has been largely ignored in previous budget analyses for ethane 
(ex: Xiao et al., 2007; Tzompa-Sosa et al., 2017). However, it is possible that the ethane Cl sink 
is significant (~20% of total sink; Wang et al., 2019). If so, including the Cl sink would 
significantly change not only the modern ethane budget, but also the inferred biomass burning 
histories presented in Section 4.3.1. Here we attempt to make a conservative estimate of the 
magnitude of the Cl ethane sink based on previous analysis of the Cl sink for methane. Then, we 
use this estimated Cl ethane sink strength to re-evaluate the preindustrial ethane budget based on 
the ice core data.  
 Allan et al. (2007) suggested that the methane Cl sink was roughly 5% of the total 
methane sink loss based on the stable isotope measurements of methane (δ13C) and the differing 
kinetic isotope effect that occurs between the OH sink and the Cl sink. Recently, Wang et al. 
(2019) developed a comprehensive simulation of global tropospheric Cl using a GEOS-Chem 3D 
model of oxidant-aerosol-halogen atmospheric chemistry. In this model, the Cl atoms contribute 
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to 1% of the global oxidation of methane and 20% of the global oxidation of ethane (Wang et al., 
2019).  Using this information, along with the relative reaction coefficients between ethane and 
methane with Cl, we estimated a conservative magnitude for the Cl ethane sink as described 
below.  
  The reaction rate (kethane) for ethane with Cl at 298 K is 5.69x10
-11 cm3 molecules-1 s-1 
(Burkholder et al., 2015). The reaction rate (kmethane) for methane with Cl at 298 K is 1.00x10
-13 
cm3 molecules-1 s-1 (Burkholder et al., 2015). The ratio of kethane/kmethane is roughly 586. 
Assuming that the methane + Cl sink strength is about 5% of the total methane loss, the resulting 
methane lifetime due to Cl loss is about 200 years (Prather et al., 2012). Using this lifetime, and 
the kethane/kmethane ratio, we calculated the impact on the ethane sink as follows:  
𝑘𝑡𝑜𝑡𝑎𝑙  =  𝑘𝑂𝐻  +  𝑘𝐶𝑙    (4.3) 
where kOH is the inverse lifetime of ethane due to OH oxidation (which we assumed is 2.5 
months or roughly 0.21 years [kOH  = 1/0.21 years]), kCl 
 is the inverse lifetime of ethane due to Cl 
oxidation which we calculated by:  
𝑘𝐶𝑙 =  
1
(
200 𝑦𝑒𝑎𝑟𝑠
𝑘𝑒𝑡ℎ𝑎𝑛𝑒
𝑘𝑚𝑒𝑡ℎ𝑎𝑛𝑒
⁄
)
 =  
1
(
200 𝑦𝑒𝑎𝑟𝑠
586 )
 =  2.84 𝑦𝑒𝑎𝑟𝑠−1 
(4.4) 
where 200 years is the methane lifetime due to Cl oxidation, and kethane/kmethane is the relative 
ratio between the reaction rates of ethane and methane to Cl.  ktotal becomes:  
𝑘𝑡𝑜𝑡𝑎𝑙  =  𝑘𝑂𝐻  +  𝑘𝐶𝑙  =  
1
0.21 𝑦𝑒𝑎𝑟𝑠
 +  
1
2.84 𝑦𝑒𝑎𝑟𝑠
 =  7.64 𝑦𝑒𝑎𝑟𝑠 −1 
(4.5) 
The addition of a Cl ethane sink proportional to a 5% Cl methane sink results in a change in ktotal 
of roughly 60% from 4.80 years-1 to 7.64 years-1 for ethane.  
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 Sensitivities were calculated from the UCI-CTM over a range of lifetimes for ethane 
(Appendix C). With the relationship between ethane lifetime (or inverse lifetime, ktotal) and 
sensitivity known, new sensitivities could be computed for a lifetime that includes a 60% Cl sink 
for ethane. This approach assumes that the Cl field is identical to the OH field in the UCI-CTM 
which may not be realistic but is a decent approximation of the impact of an additional sink on 
the ethane budget (Wang et al., 2019). The sensitivities for ethane with a 60% Cl sink are shown 
in Table 4.2. Using these sensitivities, the preindustrial ethane budget was re-analyzed following 
the same grid search approach as described in Section 4.3.1. The full solution space over a range 
of boreal and non-boreal biomass burning and geologic emissions is shown in Figure 4.9.  
 For geologic ethane emissions of 0 Tg y-1 and a 60% Cl sink, boreal and non-boreal 
ethane emissions during the MP of 5.8 ± 0.4 Tg y-1 and 2.5 ± 0.2 Tg y-1, respectively, are 
required to reconstruct the ice core levels during that time (Figure 4.10). The MP total burning 
ethane budget is 8.3 ± 0.4 Tg y-1 which is a nearly a factor of 2.5 greater than modern ethane 
biomass burning emissions estimate from the GFED4.1 inventory (3.4 Tg y-1; van der Werf et 
al., 2017).  During the LIA, non-boreal ethane emissions decline to 3.9 ± 0.3 Tg y-1, while boreal 
emissions stay nearly constant at 2.4 ± 0.2 Tg y-1 (Table 4.4). The LIA total burning ethane 
Table 4.2 UCI-CTM sensitivities for ethane assuming a 60% Cl sink strength.  
Source k 
(month-1) 
Lifetime  
(months) 
Greenland sensitivity  
(ppt/Tg y-1)  
Antarctica sensitivity  
(ppt/Tg y-1) 
Non-boreal 
biomass burning 
0.71 1.41 12.63 19.24 
Boreal biomass 
burning 
0.64 1.56 166.63 1.05 
Geologic 0.65 1.54 66.96 11.98 
Biofuel  0.66 1.52 58.67 9.07 
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budget is 6.4 ± 0.4 Tg y-1. The ice core data indicates that with zero geologic emissions, biomass 
burning emissions are required to decline by 23% with most of the decline occurring in the non-
boreal region (tropics). This emission scenario requires preindustrial biomass burning ethane 
emissions during the MP that are a factor of 2.5 and emissions during the LIA that are a factor of 
1.9 greater than the modern-day ethane biomass burning emission from the GFED4.1 inventory. 
This emission scenario suggests that modern biomass burning ethane emissions are significantly 
lower than anytime during the last 1,000 years.  
 Assuming geologic emissions are higher at 2 Tg y-1 and a 60% Cl sink, boreal and non-
boreal ethane emissions during the MP of 4.6 ± 0.4 Tg y-1 and 1.8 ± 0.2 Tg y-1, respectively, are 
required to reconstruct the ice core levels during that time (Figure 4.10). The MP total burning 
ethane budget is 6.4 ± 0.4 Tg y-1. During the LIA, non-boreal emissions decline by 41% to 2.7 ± 
0.3 Tg y-1. Similarly, to the zero-geologic case, boreal ethane emissions stay nearly constant 
between the MP and LIA with LIA emissions of 1.7 ± 0.2 Tg y-1 (Table 4.4). The LIA total 
burning ethane budget is 4.4 ± 0.4 Tg y-1. During the MP, ethane biomass burning emissions are 
required to be nearly double the modern-day ethane biomass burning estimate from GFED4.1. 
LIA ethane biomass burning emissions are roughly 30% greater than the modern-day ethane 
biomass burning estimate.  
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Figure 4.9: Modeled ethane boreal and non-boreal biomass burning and geologic emission scenarios 
for the Medieval Period (1000-1500 CE, left) and Little Ice Age (1600-1800 CE, right) assuming a 
60% Cl sink. Contours are of goodness of fit with a value of 0 corresponding to a perfect fit to the 
mean of the ice core records. Emissions are in Tg ethane y-1. 
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Figure 4.10: Biomass burning scenarios for ethane (left) for geologic ethane emissions fixed at 
0 Tg y-1 (dashed lines) and 2 Tg y-1 (solid lines) assuming a 60% Cl ethane sink and the resulting 
ethane mixing ratios over Greenland and Antarctica (right). Boreal emissions (blue) and non-boreal 
emissions (black) could vary independently through time. The solid or dashed lines represented the 
mean and the shaded area is the ±1σ uncertainty. 
 
Table 4.3: Preindustrial ethane budget with no Cl sink. Emissions are in Tg ethane y-1.  
 Medieval Period Little Ice Age 
Geologic  Non-boreal Boreal Non-boreal Boreal 
0 3.22 ± 0.22 1.90 ± 0.14 2.07 ± 0.15 1.87 ± 0.14 
2 2.04 ± 0.22 1.19 ± 0.14 0.89 ± 0.15 1.16 ± 0.13 
 
 
Table 4.4: Preindustrial ethane budget with a 60% Cl sink. Emissions are in Tg ethane y-1. 
 Medieval Period Little Ice Age 
Geologic  Non-boreal Boreal Non-boreal Boreal 
0 5.83 ± 0.36 2.47 ± 0.18 3.92 ± 0.25 2.43 ± 0.17 
2 4.62 ± 0.36 1.76 ± 0.18 2.71 ± 0.25 1.71 ± 0.17 
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CHAPTER 5  
Polar ice core records of acetylene   
5.1 Overview  
 In this chapter, acetylene measurements in air extracted from ice cores from Greenland 
and Antarctica are presented. The ice core samples analyzed span the last ~3,000 years. This is 
the first millennial-scale record of acetylene in ice cores and the first attempt to use ice core 
acetylene to constrain preindustrial biomass burning emissions. The chapter is organized by first 
describing the acetylene results from two different analytical methods (as described in Chapter 2) 
and comparing the similarities and differences between the two acetylene datasets. Then, 
preindustrial budgets for acetylene are inferred using atmospheric models (Chapter 3) with the 
ice core acetylene records collected using the improved analytical procedure (procedure 4). 
5.2 Results and discussion  
5.2.1 Procedure 1 results  
 Acetylene results from WAIS Divide, Antarctica (WDC05A) and Summit, Greenland 
(GISP2B) using wet-extraction procedure 1 are shown in Figure 5.1. The WDC05A 
measurements were conducted in 2014. The measurements were blank corrected using the 
average blank of all applicable post-melt N2 blanks, excluding 2σ outliers (Table 5.1). For the 
WDC05A samples, the blanks were roughly 37% of acetylene measured in an average WDC05A 
sample. Blanks for GISP2B samples were similar and comprise roughly 17% of the acetylene in 
an average GISP2B sample. 
 The Greenland GISP2B samples from procedure 1 cover the period from 1456-1862 CE, 
at a resolution of 20-30 years (Figure 5.1). Nine samples had CFC-12 levels > 1 ppt which is an 
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indication of modern air contamination, either through poor sample quality or leaks during 
analysis. Excluding these samples, the average acetylene level over the length of the GISP2B 
record is 92 ± 12 ppt (±1σ). The average acetylene level from 1450-1750 CE is 91 ± 11 ppt. 
After 1750 CE, acetylene levels increase slightly to a mean of 106 ± 10 ppt, but 6 out of the 8 
samples during this time period have elevated levels of CFC-12. This makes it challenging to 
deduce if the rise is an atmospheric signal or an artifact from modern air contamination. All six 
samples which were analyzed as duplicates agree within analytical uncertainties.  
 The Antarctic WDC05A samples from procedure 1 cover the time period from 1336-
1918 CE with an average resolution of roughly 45 years (Figure 5.1). The mean acetylene level 
over the whole record is 24 ± 17 ppt (excluding two samples with acetylene >100 ppt). All three 
samples which were analyzed as duplicates agree within analytical uncertainties. There is no 
obvious trend to the WDC05A acetylene record due to the high scatter and low resolution of the 
data.  
Table 5.1: Acetylene levels in the post melt N2 blanks from procedure 1(mean + 2σ).  
Year Core 1st N2 blank 
pmol C2H2 
2nd N2 blank 
pmol C2H2 
2014 WDC-05A 0.023 ± 0.008 0.022 ± 0.006 
2014 GISP2B 0.023 ± 0.008 0.019 ± 0.008 
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5.2.2 Procedure 4 results  
 Acetylene measurements in the GISP2D, GISP2B, WDC05A, WDC06A and SPC14 
cores conducted using an improved wet-extraction procedure (procedure 4) are shown in Figure 
5.2 and Figure 5.3. The Greenland acetylene measurements with procedure 4 are from the fluid-
drilled GISP2B core and the shallow, dry-drilled GISP2B core. The GISP2D samples analyzed 
with procedure 4 range in depth from 95.6 m to 730.6 m, corresponding to gas ages of 1892 CE 
and 1206 BCE, respectively. The GISP2B samples range from 87.6 m to 194.1 m corresponding 
to gas ages of 1918 CE and 1477 CE. There is good agreement between acetylene levels in 
samples of contemporaneous age from the GISP2B and GISP2D ice cores, indicating acetylene 
can be successfully measured in ice cores without interference and contamination from 
hydrocarbon-based drill fluids. The Antarctic acetylene measurements are from the shallow, dry-
 
Figure 5.1: Ice core acetylene analyzed with procedure 1 from Summit, Greenland (GISP2B, top) 
and WAIS Divide, Antarctica (WDC05A, bottom). Samples with CFC-12 > 1 ppt are colored red. 
Error bars denote 1σ uncertainties. Data are found in Appendix B. 
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drilled WDC05A core and the deep, fluid-drilled WDC06A and SPC14 cores. The WDC05A 
samples range in depth from 83 to 298 m, corresponding to gas ages of 1926 CE and 994 CE, 
respectively. The WDC06A samples range from 117 m to 604 m, corresponding to gas ages of 
1781 CE and 303 BCE, respectively.  The SPC14 samples range from 140 m to 294 m, 
corresponding to gas ages of 1817 CE and 387 BCE, respectively.  There is good agreement 
between acetylene levels in the samples from contemporaneous age during the whole 2,300-year 
record.  
Procedure 4 samples which had high levels of CFC-12 (>1 ppt), known experimental 
issues, or exceptionally high acetylene levels were excluded from analysis. Eight samples from 
the GISP2D core and 11 samples from the WDC05A were excluded. These data are shown in 
Figure 5.2 and are listed in Appendix B. 
 
Figure 5.2: Acetylene ice core data from procedure 4 excluded from analysis (red). Data is listed in 
Appendix B. Top: Greenland acetylene from GISP2B (squares) and GISP2D (circles). Bottom: 
Antarctic acetylene from WDC05A (circles), WDC06A (triangles), and SPC14 (squares). 
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 The Greenland acetylene record exhibits little variability over the 3,000-year period 
(Figue 5.3 and Figure 5.4). The average acetylene level over the whole period is 86 ± 10 ppt 
(excluding the two shallowest samples with gas ages of 1892 CE and 1918 CE). Between ~1000-
1500 CE, acetylene levels are slightly higher at 91 ± 7 ppt. Acetylene levels decline slightly to a 
mean of 80 ± 6 ppt during the 1600-1745 CE period, although there are few samples during this 
time (n=6). Greenland acetylene levels begin to rise after the mid-1700s, likely due to 
anthropogenic emissions. The maximum acetylene occurs at a gas age of 1918 CE at 209 ± 10 
ppt. Overall, the Greenland record exhibits a slight increasing trend during the last 3,000 years 
(Figure 5.4).  
 
Figure 5.3: Ice core acetylene from procedure 4. Greenland (top) measurements are from GISP2B (teal 
squares) and GISP2D (purple circles). Antarctica (bottom) measurements are from WDC05A (blue 
circles), WDC06A (red triangles), and SPC14 (green squares). Error bars represent the ±1σ uncertainty.  
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Figure 5.4: Greenland ice core acetylene record from procedure 4 with trendline up to 1832 CE. White 
markers indicate samples excluded from trendline analysis.  
 
  The Antarctic acetylene record displays significant variability over the 2,300-year period 
(Figure 5.2 and Figure 5.5). The mean acetylene level over the full record is 26 ± 7 ppt. From 
387 BCE – 1509 CE, the mean acetylene level is 30 ± 4 ppt. This is roughly 50% higher than the 
modern-day mean Antarctic acetylene level of 18-20 ppt. A slight increasing trend (r2 = 0.18) is 
apparent in the data during the 387 BCE – 1509 CE period with a slope of 0.004 ± 0.001. After 
1500 CE, Antarctic acetylene levels decline quickly and reach a minimum during the 1600-1800 
CE period at 16 ± 6 ppt. This results in a decline of acetylene levels of nearly 50%. This decline 
is statistically significant (slope = -0.029 ± 0.008 [± 1 SE] with an r2 = 0.30). The 1600-1800 CE 
mean acetylene level in the ice cores is comparable to the modern-day level over Antarctica. 
Contrary to the Greenland acetylene record, the Antarctic record suggests atmospheric acetylene 
declined during the last few hundred years.   
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Figure 5.5: Antarctic acetylene from procedure 4 with trends highlighted. An increasing trend is 
apparent in the data from 303 BCE to 1509 CE (purple) and a decreasing trend is apparent after 1529 
CE (green). Uncertainties on the slopes are ± 1 SE.  
 
5.2.3 Comparison of procedure 1 and 4 acetylene results  
The acetylene results from analytical procedure 1 and procedure 4 are shown together in 
Figure 5.6. Overall, the Greenland acetylene levels from procedure 1 and procedure 4 agree 
relatively well. From 1400-1750 CE, the mean acetylene level from procedure 1 and procedure 4 
are not statistically different (p = 0.17). For Antarctica, nearly all procedure 1 acetylene data are 
higher than that from procedure 4. From 1550-1925 CE, the mean acetylene level from 
procedure 1 and procedure 4 are statistically different (p = 0.04).  
 The trends observed in the Greenland ice core acetylene records from the two datasets 
show different trends (Figure 5.7). Between 1400-1750 CE, procedure 1 acetylene indicates a 
slight increasing trend, while procedure 4 acetylene shows a slight decreasing trend. Neither of 
these trends are statistically significant. When the post-1750 CE data is included, both data sets 
show increasing acetylene levels into the modern era with slopes of 0.05 ± 0.02 and 0.13 ± 0.04 
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for procedure 1 and procedure 4, respectively. The positive trend is driven by the high acetylene 
levels after 1750 CE which is apparent in both datasets.  
 The Antarctic acetylene data from procedure 1 is poorer quality than that from procedure 
4 which makes interpreting any trends in the data challenging. Antarctic acetylene from 
procedure 1 suggests a slight declining trend between 1300-1900 CE, although the slope is not 
statistically significant from zero (-0.03 ± 0.03, Figure 5.8). On the contrary, the procedure 4 
Antarctic acetylene record displays as strong decline between 1300-1900 CE (r2 = 0.32).  
 Analysis and interpretation of the ice core acetylene records is completed only on the 
procedure 4 data set because of 1) increased analytical blanks in procedure 1 vs. procedure 4 
(Chapter 2) and 2) the statistical evidence which shows the two datasets are different, especially 
for the Antarctica data. 
 
Figure 5.6: Acetylene measured in Greenland (top) and Antarctic (bottom) samples using analytical 
procedure 1 (white markers) and procedure 4 (colored markers).  
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Figure 5.8: Trends in Antarctic acetylene data. Antarctic acetylene (in ppt) from procedure 1 (left) and 
procedure 4 (right). The linear regression is performed on the filled data points. The uncertainty on the 
slope is 1 SE.  
 
 
Figure 5.7: Trends in Greenland acetylene data. Greenland acetylene (in ppt) from procedure 1 (left) 
and procedure 4 (right). For procedure 1, the green data points indicate the data which was used for the 
linear regression from 1400-1750 CE. The resulting regression line (dashed line), slope, and r2 are also 
shown in green. The black line indicates the linear regression performed on the whole data set from 
1400-1900 CE. For procedure 4, the purple data points indicate the data which was used for the linear 
regression from 1400-1750 CE. The resulting regression line (dashed line), slope, and r2 are shown in 
purple. The black line indicates the linear regression performed on the whole data set from 1400-1900 
CE. The uncertainty on the slopes is 1 SE. 
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5.3 Implications for the preindustrial acetylene budget  
Large changes are observed in the ice core acetylene levels, particularly over Antarctica, 
during the last 1,000 years. Using the UCI-CTM sensitivities (Table 3.5) for biomass burning 
and biofuel burning acetylene sources, various emission scenarios can be explored which 
reconstruct the ice core acetylene data. The ice core data were divided into two time periods: 1) 
the Medieval Period (MP) from 1000-1500 CE and 2) the Little Ice Age (LIA) from 1600-1800 
CE. A grid-search method was used to explore a range of emissions scenarios and identify those 
compatible with the ice core results. In all scenarios, biofuel emissions of acetylene were fixed at 
0.5 Tg y-1 based on van Aardenne et al. (2000). Mixing ratios were calculated by summing the 
sources of each gas multiplied by their respective sensitivities. Viable emission scenarios were 
determined by using equations 3.5 and 3.6 as described in Chapter 3.  
 For the first scenario, we explored a scenario in which global biomass burning emissions 
could vary through time. This assumes the geographic footprint of biomass burning emissions 
does not change through time and is identical to the Global Fire Emissions Database version 3.1 
distribution (GFED3.1; van der Werf et al., 2010). With this approach, global biomass burning 
acetylene emissions of 5.1 ± 0.2 Tg y-1 are required to obtain reasonable agreement (±10%) with 
the mean levels observed in the Greenland and Antarctic ice core records during the MP (Figure 
5.9). With this magnitude of emissions, Greenland acetylene mixing ratios during the MP fall 
towards the lower bounds of agreement, while Antarctica acetylene mixing ratios fall towards the 
upper bounds of agreement. Forcing all global biomass burning acetylene emissions to change in 
sync cannot reproduce the ice core levels observed in both Greenland and Antarctica during the 
LIA. Rather, it is possible to reproduce the Antarctic acetylene levels during the LIA if global 
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biomass burning acetylene emissions decline by 52% to 2.4 ± 0.2 Tg y-1. With this decline in all 
global biomass burning acetylene emissions, LIA Greenland acetylene levels are roughly 35 ppt 
lower than what is observed in the ice core records.  
 A second emission scenario was explored which allowed biomass burning emissions in 
different geographic locations to vary independently through time. Boreal (>50°N) biomass 
burning emissions and non-boreal (50°N to 90°S) biomass burning emissions were separated and 
could change independently between the two time periods. This approach is suitable because the 
Greenland and Antarctic acetylene levels have largely different sensitivities to biomass burning 
emissions in the two regions. For example, the Greenland acetylene sensitivity to boreal fire 
emissions is 107 ppt/Tg y-1 while the Antarctic ethane sensitivity to boreal fire emissions is 
roughly 0.05 ppt/Tg y-1. Boreal acetylene emissions account for roughly 10% of global acetylene 
biomass burning emissions today based on the GFED4.1 distribution and non-boreal emissions 
account for the remaining 90% with most of these emissions occurring in the tropical region (van 
der Werf et al., 2017). Boreal and non-boreal emissions were varied between 0-5 Tg y-1 and the 
resulting mixing ratios over Greenland and Antarctica were calculated by summing over the 
sources multiplied by their respective sensitivities. Emission scenarios of boreal and non-boreal 
emissions which reproduced the ice core levels during the two periods are shown in Figure 5.9.   
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 In this scenario, non-boreal and boreal biomass burning emissions during the MP of 4.3 ± 
0.3 Tg y-1 and 0.5 ± 0.1 Tg y-1 are required to reproduce the ice core acetylene levels. The MP 
total burning budget is 4.8 ± 0.3 Tg y-1 which is roughly four times the modern biomass burning 
emissions of acetylene estimated in the GFED4.1 inventory (1.2 Tg y-1; van der Werf et al., 
2017). Non-boreal acetylene emissions decline to 2.3 ± 0.2 Tg y-1 and boreal acetylene emissions 
increase slightly to 0.6 ± 0.1 Tg y-1 during the LIA (Table 5.2). The LIA total burning acetylene 
budget is 2.8 ± 0.2 Tg y-1 which is roughly 2.5 times the modern biomass burning acetylene 
 
Figure 5.9: Biomass burning acetylene emission scenarios for the global biomass burning footprint 
(top panels) and when separating emissions into the non-boreal and boreal zones (bottom panels). A) 
Global biomass burning emissions which reconstruct the Greenland and Antarctic data during the MP 
and only the Antarctic data during the LIA. B) Resulting Greenland and Antarctic acetylene mixing 
ratios from the emissions in Panel A. C) Biomass burning emissions allowing the non-boreal and 
boreal emissions to vary independently through time. D) Resulting Greenland and Antarctic acetylene 
mixing ratios from the emissions in Panel C. Shaded areas are the 1σ uncertainty on the mean emission 
value.   
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budget from GFED4.1 (van der Werf et al., 2017). The decline in burning emissions from the 
MP to LIA is about 42%, with all the decline occurring the non-boreal zone.  
Table 5.2: Preindustrial biomass burning acetylene emissions from the boreal and non-boreal scenario. 
Emissions are in Tg acetylene y-1.  
 Medieval Period (1000-1500 CE) Little Ice Age (1600-1800 CE) 
Boreal  0.52 ± 0.05  0.55 ± 0.04 
Non-boreal 4.32 ± 0.27 2.28 ± 0.15 
 
 A third emission scenario was explored to see if varying burning in regions in closest 
proximity to Antarctica with high acetylene sensitivities could lower the overall emissions 
required to explain the ice core data. In this scenario, we allowed South American emissions to 
vary independently from boreal emissions and the remaining “rest of the world” emissions. To 
calculate the “rest of the world” region’s Greenland and Antarctic acetylene sensitivity, the 
following equation was used:  
𝑆𝑎𝑙𝑙 ∗  𝐹𝑎𝑙𝑙 =  𝑆𝑆𝐴 ∗  𝐹𝑆𝐴  +  𝑆𝐵 ∗  𝐹𝐵  +  𝑆𝑅𝑂𝑊 ∗  𝐹𝑅𝑂𝑊 (5.2) 
where S stands for the acetylene sensitivity for Greenland and Antarctica from the different 
source regions and F is the fraction of global biomass burning emissions in that region. The 
source regions used are the global biomass burning footprint (all), South America (SA), boreal 
(B), and rest of the world (ROW). The fractions (F) used and the resulting sensitivities are shown 
in Table 5.3.  
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Table 5.3: Biomass burning regions, their relative fractions of total global biomass burning, and their 
Greenland and Antarctic acetylene sensitivities used for the South American emission scenario.   
Region Fraction (F, % of total 
global burning 
acetylene emissions)  
Greenland sensitivity 
(ppt acetylene/Tg y-1) 
Antarctic sensitivity 
(ppt acetylene/Tg y-1) 
South America  0.16 0.63 18.85 
Boreal 0.09 106.84 0.05 
Global 1 13.08 6.17 
Rest of the world  0.74 4.54 4.02 
 
 For the South American emission scenario, boreal emissions ranged from 0 to 1 Tg y-1, 
South American emissions ranged from 0 to 3 Tg y-1, and the rest of the world emissions ranged 
from 0 to 5 Tg y-1. The emissions scenarios which reproduced the Greenland and Antarctic ice 
core acetylene levels during the two times periods are shown in Figure 5.10 as a goodness of fit. 
The goodness of fit is calculated as:  
𝐺𝑜𝑜𝑑𝑛𝑒𝑠𝑠 𝑜𝑓 𝑓𝑖𝑡𝑎𝑐𝑒𝑡𝑦𝑙𝑒𝑛𝑒 = √  (
|mgrn  −  ogrn|
ogrn
)
2
  +    (
|mant  −  oant|
oant
)
2
  
(5.2) 
where m stands for the modeled value and o for the observed mean value from the ice core 
records. The goodness of fit was calculated for the MP and LIA separately. The goodness of fit 
ranges from 0 to 0.14, with 0 corresponding to a perfect fit to the mean of the ice core records. 
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Figure 5.10: Modeled acetylene boreal, rest of world and South American emission scenarios for the 
Medieval Period (1000-1500 CE, left) and Little Ice Age (1600-1800 CE, right). Contours are of 
goodness of fit with a value of 0 corresponding to a perfect fit to the mean of the ice core records. 
Emissions are in Tg acetylene y-1. 
 
  For “rest of world” acetylene emissions of 0 Tg y-1, 1.57 ± 0.10 Tg y-1 emissions from the 
South American region and 0.67 ± 0.05 Tg y-1 emissions from the boreal zone are necessary to 
reproduce the mean ice core level during the MP (Table 5.4). The South American region 
accounts for roughly 17% of the global acetylene biomass burning emissions today, or about 
0.20 Tg y-1. This scenario requires South American emissions during the MP to be nearly eight-
times larger than what is estimated for this region today. Boreal emissions today are about 9% of 
the global acetylene biomass burning emissions, or about 0.12 Tg y-1. This scenario requires 
biomass burning boreal emissions to be about six-times larger than what is estimated for this 
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region today. The total MP budget is 2.24 Tg y-1 which is roughly double the modern GFED4.1 
estimate for global acetylene biomass burning emissions (van der Werf et al., 2017). During the 
LIA, the South American acetylene emissions decline by roughly 48% to 0.82 ± 0.05 Tg y-1 and 
boreal emissions decline by 15% to 0.57 ± 0.04 Tg y-1. This scenario requires South American 
acetylene emissions which are a factor of four larger than modern and boreal acetylene emissions 
which are a factor of five larger than modern are required to yield levels in agreement with the 
ice core data during the LIA.  The LIA budget is 1.39 Tg y-1 which is comparable to the modern-
day global acetylene biomass burning emission estimate of 1.14 Tg y-1 (van der Werf et al., 
2017). This scenario assumes the “rest of the world” emissions to be 0 Tg y-1, which is not a 
realistic assumption given that the “rest of the world” is 74% of total global acetylene biomass 
burning emissions with most of these emissions occurring the in tropical region.   
 If the “rest of the world” acetylene emissions are held at 1 Tg y-1, which is similar to the 
modern distribution of acetylene emissions from the GFED4.1 inventory, then South American 
acetylene emissions of 1.35 ± 0.10 Tg y-1 and boreal acetylene emissions of 0.62 ± 0.05 Tg y-1 
are required during the MP (van der Werf et al., 2017). This scenario requires South American 
emissions to be nearly 7-times larger than today and boreal emissions to be about 5-times larger 
than today. The total MP biomass burning budget is 2.97 Tg y-1 versus the modern-day global 
biomass burning acetylene budget of 1.14 Tg y-1 (van der Werf et al., 2017). During the LIA, 
South American emissions decline by 55% to 0.60 ± 0.05 Tg y-1 and boreal emissions decline by 
15% to 0.53 ± 0.04 Tg y-1. During the LIA, the South American emissions are a factor of 3 
greater than the modern estimate for this region and the boreal emissions are a factor of 4.5 
greater than the modern estimate for this region. The total LIA biomass burning budget is 2.13 
Tg y-1.  
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 The South American scenario requires: 1) total biomass burning emissions to be less than 
that from the non-boreal/boreal scenario, 2) most of the change in emissions between the MP and 
LIA to be driven by a decline in the South American region and 3) emissions in the South 
American region and boreal region to be several times greater than modern emissions in these 
regions.  
 In summary, all the biomass burning scenarios require preindustrial acetylene emissions 
to be significantly higher than the modern-day estimate from GFED4.1. All the scenarios require 
acetylene emissions in a region (i.e. non-boreal or South America) to decline by roughly 50% 
from the MP to LIA in order to reconstruct the decline observed in the ice core acetylene records 
during this time.  
Table 5.4: Preindustrial acetylene budget for the South American simulation. Emissions are in Tg 
acetylene y-1.  
Rest of World Mean South America Mean Boreal 
 1000-1500 CE 1600-1800 CE 1000-1500 CE 1600-1800 CE 
0 1.57 ± 0.10 0.82 ± 0.05 0.67 ± 0.05 0.57 ± 0.04 
1 1.35 ± 0.10 0.60 ± 0.05 0.62 ± 0.05 0.53 ± 0.04 
2 1.15 ± 0.10 0.39 ± 0.05 0.58 ± 0.05 0.49 ± 0.04 
3 0.93 ± 0.10 0.18 ± 0.05 0.54 ± 0.05 0.44 ± 0.04 
4 0.72 ± 0.10 0.03 ± 0.02 0.50 ± 0.05 0.40 ± 0.04 
5 0.51 ± 0.10 no solutions 0.46 ± 0.05 no solutions 
 
  
116 
 
CHAPTER 6 
Comparison of biomass burning histories from ethane, acetylene, 
and methane  
6.1 Overview  
 In this chapter, the ethane and acetylene biomass burning emission histories inferred from 
the ice core records are compared with that from methane. Similarities and differences between 
the biomass burning histories from each gas are discussed. To determine if these gases record a 
single fire history, the biomass burning histories from each compound are then converted into a 
global fire (dry matter burned) history by applying emission factors to each record. The 
similarities and differences between the inferred dry matter burned histories from these gases are 
discussed. In summary, it has proved challenging to reconstruct a single fire history over the last 
1,000 years from the three gas records. There are some major discrepancies between the dry 
matter burning histories inferred from the three gases and no scenario explored provides a 
consistent history of dry matter burned. Factors which may explain the observed discrepancies 
are discussed in Chapter 7.  
6.2 Preindustrial methane biomass burning histories  
 Measurements of methane and its stable isotopes in ice cores have been used to develop 
biomass burning emission histories over the last few thousand years (Ferretti et al., 2005; 
Mischler et al., 2009; Sowers, 2010; Sapart et al., 2012; Bock et al., 2017). We used the steady-
state one box model of methane described in Chapter 2 along with ice core methane 
concentrations and δ13CH4 data to develop methane biomass burning emission scenarios using 
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different assumptions about the Cl sink strength and geologic source strength. The ice core data 
were broken up into two time periods similarly to the methods for ethane and acetylene: the 
Medieval Period (MP: 1000-1500 CE) and the Little Ice Age (LIA: 1600-1800). Emission 
scenarios of biomass burning, microbial, and geologic methane emissions which yield both 
methane mixing ratios and δ13CH4 within 10% of the ice core mean values were considered 
viable (see equations 3.12 and 3.13). Because of the long atmospheric lifetime of methane (as 
compared to ethane and acetylene), the boreal and non-boreal biomass burning emissions are not 
able to be distinguished for methane. Instead total global biomass burning emissions are inferred. 
The results are described below.  
The resulting emission scenarios of biomass burning, microbial and geologic emissions 
which reproduce the ice core methane and δ13CH4 data for the two time periods assuming the Cl 
sink for methane is 5% of the total sink are shown in Figure 6.1 and Table 6.1. For geologic 
methane emissions at 0 Tg y-1, biomass burning emissions of 21.6 ± 1.8 Tg y-1 and microbial 
emissions of 180.8 ± 10.1 Tg y-1 are required. Biomass burning emissions decline by 31% to 
14.8 ± 1.5 Tg y-1 and microbial emissions increase by 7% to 192.9 ± 11.7 Tg y-1 during the LIA.  
The same overall trend in the biomass burning and microbial emissions is observed between the 
MP to LIA if geologic methane emissions are higher, but the overall magnitudes shift. For 
example, if geologic emissions are 20 Tg y-1, the decline in biomass burning methane emissions 
between the MP and LIA increases to 53%. This is because the initial biomass burning methane 
emissions during the MP are lower with this scenario of geologic emissions. Regardless of the 
geologic source strength, the biomass burning methane decline is approximately 7 Tg y-1 and the 
increase in microbial emissions is rouhgly 11 Tg y-1.  
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The magnitude of the Cl methane sink is debated but is likely between 0-5% of the total 
methane loss (Allan et al., 2007; Prather et al., 2012). To provide flexibility in the preindustrial 
emission scenarios, we also explored what the impact on the methane budget would be if the Cl 
sink term were zero. The results are shown in Figure 6.2 and Table 6.1. For geologic methane 
emissions at 0 Tg y-1, biomass burning emissions of 32.6 ± 2.5 Tg y-1 and microbial emissions of 
161.2 ± 10.0 Tg y-1 are required. Biomass burning emissions decline by 20% to 26.1 ± 2.0 Tg y-1 
and microbial emissions increase by 7% to 171.9 ± 9.6 Tg y-1 decline into the LIA. The same 
overall trends in the biomass burning and microbial emissions are observed between the MP to 
LIA regardless of the geologic source strength, but the magnitudes of the decline or increase in 
emissions change. For example, if geologic emissions are 20 Tg y-1, then the decline in biomass 
burning emissions between the MP and LIA is 26%.  
 
Figure 6.1: Modeled methane emission scenarios assuming a 5% Cl sink for the MP (left) and LIA 
(right). Contours are of goodness of fit with a value of 0 corresponding to a perfect fit to the mean of 
the ice core records. Emissions are in Tg methane y-1. 
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Overall, there are two main differences between the preindustrial methane budgets with a 
0% and 5% Cl sink. First, the 0% Cl sink methane budget allows for more geologic methane 
emissions (60+ Tg y-1 versus 50 Tg y-1). Second, biomass burning emissions in the 0% Cl sink 
case must be greater than the 5% Cl sink case at the same geologic source strength (ex: 32.6 Tg 
y-1 versus 21.6 Tg y-1). This is due to the strong kinetic isotope effect of the Cl sink which leads 
to an enrichment of the heavier isotope (13C) in the atmosphere and requires more emissions  
from lighter (more 12C) sources such as biomass burning (Lassey et al., 2007).  
6.3 Impact of atmospheric oxidative changes on the preindustrial budgets  
 All three of the ice core gas records (ethane, acetylene, and methane) indicate large 
changes have occurred in their atmospheric budgets over the last 1,000 years. We assume these 
 
Figure 6.2: Modeled methane emission scenarios assuming a 0% Cl sink for the MP (left) and LIA 
(right). Contours are of goodness of fit with a value of 0 corresponding to a perfect fit to the mean of 
the ice core records. Emissions are in Tg methane y-1. 
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changes were driven by emissions rather than by changes in their lifetimes caused by variability 
in the oxidative capacity of the atmosphere. This assumption is based on recent work from an 
Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) which 
compared 17 chemistry/climate models and showed a multi-model mean change in the 
atmospheric methane lifetime from preindustrial (1850 CE) to modern (2000 CE) of τmodern/τ1850 
= 2.0 ± 8.8% (Naik et al., 2013). The models were split between positive and negative changes in 
methane lifetime. In other words, the current chemistry/climate models disagree on the 
magnitude and sign of the change, but there is strong consensus that the change in methane 
lifetime from the preindustrial to modern was less than ± 10%. This change is influenced by 
several competing factors: 1) increased CH4, which has the net effect of suppressing OH, 2) 
increased CO and NOx, which increase tropospheric ozone, the primary source of OH, 3) loss of 
stratospheric ozone resulting in increased ultraviolet radiation, and 4) increased global 
temperature, which increases water vapor (and OH production) but also increases rate constants, 
including that for reaction of OH with ethane. Naik et al. (2013) suggest that, of these four 
factors, the differences in CO and NOx variability/chemistry appear to contribute most to the OH 
variance between model simulations from preindustrial to modern.   
 The ice core ethane, acetylene, and methane records show significant variability over the 
1000-1900 CE time period. Atmospheric impacts of industrialization start to become apparent 
after 1850 CE, with the bulk of the changes occurring during the 20th century. Prior to 1850 CE, 
atmospheric methane was relatively stable in the 650-800 ppb range and global temperature 
variations were about 0.5°C, less than half of the >1°C rise that followed (PAGES 2k 
Consortium, 2013). Preindustrial changes in NOx were likely also small based on the < 20% 
variability in Greenland ice core nitrate prior to 1850 CE, as compared to the near doubling since 
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1850 CE (Fischer et al., 1998). Ice core data suggests that preindustrial CO variability was 
comparable to or less than the CO change during industrialization (Wang et al., 2010; Hann et 
al., 1998). Based on the ice core CO stable isotope measurements, Wang et al. (2010) suggest 
that most of the preindustrial CO variability was driven by changes in emissions rather than OH. 
There is no evidence to suggest that OH variability in the preindustrial atmosphere was larger 
than the 10% upper limit suggested for the preindustrial to modern change. Therefore, we 
assume that ice core ethane, acetylene, and methane variability is primarily driven by changes in 
emissions rather than atmospheric reactivity. 
6.4 Biomass burning histories from ethane, acetylene and methane 
 Four biomass burning emission scenarios have been inferred for ethane and methane 
based on assumptions of the magnitude of the Cl sink and geologic emissions (Table 6.1 and 
Table 6.2). For simplicity, they are identified as: 
1) noGEO-noCl: emission scenario with zero geologic emissions and zero Cl sink  
2) noGEO-highCl: emission scenario with zero geologic emissions and a high Cl sink (5% for 
methane and 60% for ethane)  
3) lowGEO-noCl: emission scenario with low geologic emissions (2 Tg y-1 for ethane and 20 Tg 
y-1 for methane) and a zero Cl sink  
4) lowGEO-highCl: emission scenario with low geologic emissions and a high Cl sink  
The biomass burning emission histories from ethane and methane from each of these scenarios 
are compared with the non-boreal vs. boreal biomass burning scenario for acetylene. The 
acetylene atmospheric budget is not complicated by a Cl sink or geologic sources. Therefore, for 
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every scenario (1-4) discussed, the inferred acetylene biomass burning emission history is 
identical.  
 There are similarities in the biomass burning emissions of ethane, acetylene, and methane 
over the last 1,000 years. All three gas records show a large decline in biomass burning 
emissions from the MP to the LIA. However, the magnitude of the decline differs between the 
gases. For acetylene, the decline in biomass burning emissions from the MP to LIA is 43% with 
all the decline being driven by a decrease in non-boreal (tropical) emissions. For ethane and 
methane, the magnitude of the decline depends on what is assumed for the Cl sink strength and 
geologic emissions (Tables 6.1 and 6.2). With the noGEO-noCl scenario, the decline in biomass 
burning ethane from the MP to LIA is 23% and for methane is 20%. With the noGEO-highCl 
scenario, the decline in biomass burning ethane is 23% and for methane is 31%. With the 
lowGEO-noCl scenario, the decline is 37% for ethane and 26% for methane. Finally, with the 
lowGEO-highCl scenario, the decline in biomass burning ethane is 31% and for methane is 53%. 
Interestingly, the scenarios for ethane and methane which yield a similar percent decline that is 
observed in the acetylene scenario are not the same scenario (scenario 3 for ethane and scenario 
4 for methane).    
 Comparing the preindustrial biomass burning emission histories with their modern-day 
biomass burning estimates requires the introduction of emission factors. Emission factors are 
defined as the amount of a compound released per amount of a dry fuel (matter) 
consumed/burned and are expressed in units of g kg-1 (Andreae and Merlet, 2001). Satellite-
based climatological estimates of dry matter burned are available from the Global Fire Emissions 
Database (GFED4.1, globalfiredata.org, van der Werf et al., 2017). Emission factors for ethane, 
acetylene, and methane from different fuel types are used to covert the dry matter burned 
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estimates from the GFED4.1 inventory into an estimate of the modern-day biomass burning 
emissions of each of these gases (Akagi et al., 2011, Andreae and Merlet, 2001 and updates via 
personal communication). These emission factors are based on compilations of field 
measurements and laboratory experiments. Globally-weighted emission factors for each gas were 
calculated by multiplying the Global Fire Emissions Database version 4.1 (GFED4.1) 1997-2017 
dry matter burned (kg y-1) climatological estimate with the biome-specific emission factor for 
each gas (Table 6.3). The modern biomass burning emissions for ethane, acetylene, and methane 
from this approach are 2.5 ± 0.5 Tg y-1, 1.4 ± 0.2 Tg y-1, and 16.1 ± 0.7 Tg y-1, respectively.  
 There are some distinct differences in the trends in biomass burning emissions between 
the LIA and modern (satellite-era) between the three gases (Figure 6.3).  In all four scenarios, the 
acetylene emission history is identical and as such, the trends between LIA and modern for 
acetylene are only discussed for the first scenario but are true for all scenarios.  
1) noGEO-noCl: In this scenario, all three gases suggest LIA burning rates were greater than 
modern. The methane record suggests that biomass burning emissions declined substantially 
from the LIA to modern. LIA methane burning emissions are about 60% higher than the modern 
methane biomass burning rate. The acetylene record also indicates LIA rates greater than 
modern, with LIA burning rates nearly two-times the best-estimate for modern biomass burning 
acetylene emissions. The ethane LIA burning emissions are roughly 60% higher than the modern 
ethane biomass burning rate.    
2) noGEO-highCl: In this scenario, the methane record indicates that biomass burning 
emissions during the LIA were comparable to or slightly less than modern day biomass burning 
methane emissions (roughly 10%). The ethane record suggests LIA biomass burning rates were 
roughly 2.5-times higher than the modern ethane burning rate. 
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3) lowGEO-noCl: In this scenario, LIA methane burning rates are slightly greater than or 
comparable to modern day. The mean LIA methane burning rate is roughly 10% greater than 
modern, but given the uncertainties on the LIA emissions rate, the modern and LIA values are 
statistically similar. The LIA ethane burning emissions are about 20% less than modern day but 
are comparable to the modern ethane burning estimate given the uncertainties on the modern and 
LIA estimates. 
4) lowGEO-highCl: Methane LIA burning rates in this scenario are roughly 65% lower than the 
modern methane biomass burning emission estimate. Ethane LIA burning rates are 70% higher 
than the modern ethane biomass burning rate.   
 There are similarities between the MP and modern biomass burning rates for ethane, 
acetylene and methane amongst the four scenarios. Two out of the four scenarios indicate MP 
biomass burning emissions for all three gases exceeded their modern rates. The remaining two 
scenarios indicate MP biomass burning emissions for two of the gases exceed their modern rates. 
In all scenarios, MP biomass burning emissions of acetylene are much higher than the modern 
acetylene biomass burning emissions estimate. The magnitude of the differences between MP 
burning emissions and modern emissions vary between the scenarios and those differences are 
described below.  
1) noGEO-noCl: Methane MP burning emissions are slightly more than two-times modern 
methane burning rates. Ethane MP burning emissions are about 1.5-times modern  ethane 
biomass burning emissions. Acetylene MP burning emissions are identical in all four scenarios 
with a rate roughly four-times the modern estimate. All three gases indicate MP biomass burning 
emissions were significantly higher than modern day.  
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2) noGEO-highCl: The MP methane burning rate is roughly 40% greater than the modern 
methane emission burning estimate. Ethane MP burning emissions are roughly 2.5-times higher 
than modern ethane burning emissions. Acetylene MP burning emissions are identical to the first 
scenario at roughly four-times modern rates. All three gas records suggest MP burning emission 
greater than modern rates.  
3) lowGEO-noCl: The methane MP burning emission rate is about 1.5-times modern methane 
burning emissions in this scenario. Acetylene MP emissions are four-times modern rates. On the 
contrary, the ethane MP burning emissions are comparable to the modern ethane burning 
emission estimate. All three gases suggest MP burning rates were comparable to or higher than 
modern rates.  
4) lowGEO-highCl: In this scenario, the MP methane burning emissions are less than the 
modern estimate. The mean MP rate is about 15% less than the modern estimate. The ethane MP 
emission rate is roughly 2.5-times greater than modern. This is the only scenario in which 
methane MP burning emissions are less than modern.  
6.4 Is there a single preindustrial fire history?  
 Ideally, the three independent trace gas biomass burning histories inferred from the ice 
core records should record a single fire history. To determine if this is true, the emission histories 
from the three gases were converted to a common factor, dry matter burned. For ethane and 
acetylene conversion to dry matter burned was accomplished by multiplying the biome-specific 
emissions (boreal and non-boreal) by weighted emission factors (g species/ kg dry matter 
burned) (see Tables 6.4 and 6.5). The emission histories from methane were converted to dry 
matter by multiplying the emission histories by a globally-weightedemission factor since boreal  
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and non-boreal emissions are not delineated for methane (Table 6.3). The results for each 
scenario are shown in Figure 6.4 and Table 6.6 
 As expected, the inferred dry matter histories from ethane, acetylene, and methane all 
show a large decline from the MP to the LIA. The magnitude of the decline for ethane and 
methane are different between each scenario and are described below.  
1) noGEO-noCl:  The dry matter decline inferred from methane between the MP to LIA  is 20%. 
The decline from the MP to LIA inferred from ethane is 27%. For acetylene, the decline is 40% 
and is identical in all scenarios.  
2) noGEO-highCl: The dry matter decline between the MP and LIA from methane is 31% and 
from ethane is 26%.   
3) lowGEO-noCl: The dry matter decline between the MP and LIA from methane is 25% and 
from ethane is 43%.  
4) lowGEO-highCl: The dry matter decline between the MP and LIA from methane is 53% and 
from ethane is 34%.  
 The inferred dry matter burned histories from the three gases suggest large changes to the 
dry matter burned amounts from the LIA to the modern. The modern dry matter burned is about 
4.3 Pg C y-1 (GFED4.1, Giglio et al., 2013; van der Werf et al., 2017). The similarities and 
differences between the LIA and modern dry matter burned rates inferred from the three gases 
are described below for each scenario.  
1) noGEO-noCl: In this scenario, all three gases suggest dry matter burned rates were greater 
than modern during the LIA. For methane, the dry matter burned during the LIA is roughly 65% 
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higher than modern. For ethane, the dry matter burned is about 35% greater than modern during 
the LIA. The inferred dry matter burned from acetylene during the LIA is nearly a factor of 2 
greater than the modern rate.  
2) noGEO-highCl: In this scenario, ethane and acetylene suggest dry matter burnined rates were 
greater than modern rates during the LIA. The ethane and acetylene dry matter burned rates 
during the LIA are similar within uncertainties. Methane suggests dry matter burned during the 
LIA was comparable to or slightly less than modern. Ethane dry matter burned during the LIA is 
roughly a factor of 2.3 larger than the modern dry matter burned estimate. 
3) lowGEO-noCl: Methane dry matter burned during the LIA is comparable to or slightly 
greater than the modern-day dry matter burned estimate. Ethane LIA dry matter burned is 
roughly 35% lower than the modern rate.  
4) lowGEO-highCl: Ethane and acetylene dry matter burned during the LIA issignificantly 
higher than modern dry matter burned in this scenario. Methane dry matter burned during the 
LIA is much lower than the modern estimate. The LIA ethane dry matter burned is roughly 60% 
higher than the modern rate. The LIA methane dray matter burned is about one-third of the 
modern dry matter burned rate.  
 There are many similarities between the relative dry matter burned rates during the MP 
amongst the four scenarios. In three of the four scenarios, all three inferred dry matter histories 
suggest MP dry matter burned rates were higher than, or comparable to the modern-day rate from 
GFED4.1. In the final scenario, two of the three inferred dry matter histories indicate that MP 
dry matter burned rates were significantly higher than modern rates. However, the magnitude of 
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change in dry matter burned rates from the MP to modern between the three gases vary within in 
the same scenarios. The similarities and differences are highlighted below.  
1) noGEO-noCl: In this scenario, dry matter burned rates during the MP inferred from ethane 
and methane are similar within their uncertainties, but that of acetylene is nearly a factor of two 
greater. The ethane and methane dry matter burned rates during the MP are roughly double the 
modern dry matter burned rate. Acetylene MP dry matter burned is a factor of 3.5 greater than 
the modern dry matter burned rate. All three gases suggest MP dry matter burned is greater than 
modern.  
2) noGEO-highCl: In this scenario, dry matter burned rates during the MP inferred from  ethane 
and acetylene agree within their uncertainties, but that of methane is nearly a factor of 2.5 less. 
Ethane dry matter during the MP is about three times the modern dry matter burned rate. The 
methane MP dry matter burned is roughly 40% greater than the modern rate. All three gases 
suggest MP dry matter burned is greater than the modern rate.  
3) lowGEO-noCl: Ethane and methane MP dry matter burned rates agree within uncertainties. 
The methane MP dry matter rate is about 25% greater than the ethane MP dry matter rate and 
roughly 45% greater than the modern dry matter burned estimate. The ethane MP dry matter 
burned is slightly greater than, but comparable within uncertainties to the modern-day dry matter 
burned rate. All three gas records indicate MP dry matter burned is higher than or comparable to 
the modern rate.  
4) lowGEO-highCl: The ethane and acetylene MP dry matter burned rates are greater than the 
modern rate while the methane dry matter burned during the MP is slightly less than, but 
comparable within uncertainties to the modern dry matter burned estimate. The ethane dry matter 
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burned rate during the MP is more than a factor of two greater than modern. The methane MP 
dry matter burned is about 20% lower than the modern estimate, but within the uncertainties is 
comparable to the modern dry matter burned rate.  
6.5 Conclusions  
 Overall, the dry matter burned histories inferred from the three gases indicate biomass 
burning emissions declined substantially from the MP to the LIA. Almost all scenarios explored 
suggest MP dry matter burned rates were greater than, or at least comparable to modern dry 
matter burned. However, there are some major discrepancies between the dry matter burned 
histories inferred from the three gases, and none of the scenarios explored (1-4) provides a 
consistent history of dry matter burned for the last 1,000 years. Factors which may explain the 
discrepancies observed between the three gas records are explored in Chapter 7.   
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Table 6.4: Boreal (>50°N) dry matter emissions (kg y-1) from the GFED4 inventory and the resulting 
regionally-weighted emission factors (g kg-1) and their uncertainties (unc.) for ethane and acetylene 
Biome DM  
(kg y-1) 
% of total Ethane EF 
(g kg-1) 
Ethane EF 
unc. 
(g kg-1)  
Acetylene 
EF  
(g kg-1) 
Acetylene 
EF unc.  
(g kg-1) 
Agriculture  5.11 x 1010 11 0.15 0.31 0.08 5.70 
Boreal 3.55 x 1011 80 0.11 0.30 0.04 5.50 
Deforestation 0 0 0.11 0.43 0.24 6.30 
Peat 1.43 x 1010 3 0.18 0.11 0.03 9.30 
Savanna 1.52 x 1010 3 0.06 0.32 0.05 2.50 
Temperate 1.04 x 1010 2 0.13 0.32 0.02 5.80 
Total 4.46 x 1011 100 0.95 0.09 0.30 0.03 
 
Table 6.5: Non-boreal (50°N-90°S) dry matter emissions (kg y-1) from the GFED4 inventory and the 
resulting regionally-weighted emission factors (g kg-1) and their uncertainties (unc.) for ethane and 
acetylene 
Biome DM  
(kg y-1) 
% of total Ethane EF 
(g kg-1) 
Ethane EF 
unc  
(g kg-1)  
Acetylene 
EF  
(g kg-1) 
Acetylene 
EF unc  
(g kg-1) 
Agriculture  2.10 x 1010 5 0.15 0.31 0.08 5.70 
Boreal 2.41x 1010 1 0.11 0.30 0.04 5.50 
Deforestation 5.86 x 1011 15 0.11 0.43 0.24 6.30 
Peat 8.42 x 1010 2 0.18 0.11 0.03 9.30 
Savanna 2.90 x 1012 74 0.06 0.32 0.05 2.50 
Temperate 9.18 x 1010 2 0.13 0.32 0.02 5.80 
Total 3.90 x 1012 100 0.54 0.05 0.33 0.05 
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CHAPTER 7  
Conclusions 
7.1 Overview 
 This thesis advanced our understanding of paleo-fire emissions and their variability 
through time by using ice core ethane and acetylene as new biomass burning emission proxies. 
Understanding and quantifying the climatic controls and feedback on fire emissions is important 
for constraining fire models and future projections of climate change (Hantson et al., 2016). In 
addition, quantifying preindustrial fire emissions will provide new insights and constraints on the 
variability observed in the ice core methane record. The goals of this thesis were to 1) develop an 
analytical technique to measure ethane and acetylene in polar ice cores with low and stable 
analytical background levels, 2) use the ice core results to interpret preindustrial biomass burning 
emissions using atmospheric models, and 3) develop a global fire history that can be used to 
better understand the contribution of fire to the preindustrial methane budget. Goals 1 and 2 were 
accomplished (Nicewonger et al., 2016; 2018). Goal 3 has proven to be more challenging 
because there are significant differences between the fire histories inferred from ethane, 
acetylene, and methane ice core measurements.   
 The goal of this chapter is to briefly summarize the main findings of this project and to 
explore various hypotheses to account for the observed differences between the fire histories 
inferred from ice core ethane, acetylene, and methane. Implications for modeling past and future 
fire and areas of future research are also discussed.  
 
138 
 
7.2 Biomass burning trends  
 This study showed consistency in the temporal trends in the ethane, acetylene, and 
methane biomass burning emission histories. The Antarctic data show that both ethane and 
acetylene were elevated during the warm Medieval Period (1000-1500 CE) and declined 
concurrently with the onset of the cooler Little Ice Age (1600-1800 CE). Using a chemical 
transport model, biomass burning emissions were inferred from the ice core ethane and acetylene 
data. The inferred trends in the ice core ethane and acetylene biomass burning emissions are 
consistent with prior interpretations of ice core δ13CH4 data (Ferretti et al., 2005; Mischler et al., 
2009).  
 Ethane and acetylene in Greenland ice exhibit little change between the MP and LIA. The 
different trends between the Greenland and Antarctic acetylene and ethane levels provides a new 
constraint on the location of the biomass burning changes. The decline in biomass burning 
emissions from the Medieval Period to Little Ice Age was mainly in the non-boreal (tropical) 
biome and indicates the Little Ice Age influenced climate conditions globally and was not a 
regional phenomenon restricted to the extratropical Northern Hemisphere (Mann et al., 2009). 
The driver of the decline in biomass burning emissions into the Little Ice Age may be due to 
climate changes, the catastrophic decline in indigenous populations who used fires caused by 
European exploration in the Americas, or potentially a combination of both (Ferretti et al., 2005; 
Koch et al., 2019). Unfortunately, the ice core ethane and acetylene records are unable to provide 
additional constraints on the drivers of the biomass burning decline during this time period. 
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 7.3 Do the ethane, acetylene, and methane records indicate a single fire history? 
 The main finding of this thesis work is that the ethane, acetylene, and methane ice core 
records do not easily reconstruct a single fire history during the last 1,000 years. Although the 
temporal trends are similar, there are differences in the magnitude of dry matter burned inferred 
from the three gas records. These differences may be caused by assumptions made in the 
interpretations of biomass burning emissions for each gas and the subsequent translation into dry 
matter burned. Here the uncertainties are discussed and a few hypotheses which may resolve the 
differences between the three records are explored.  
 Atmospheric transport in this study was assumed to be identical to modern and constant 
through time. If atmospheric transport was significantly different in the preindustrial than in the 
modern, the sensitivities used to generate emission histories for ethane and acetylene would be 
impacted. Climate proxies from South America suggest that during the last 1,000 years, notable 
shifts occurred in the location of the Intertropical Convergence Zone (ITCZ). It is hypothesized 
that the ITCZ shifted southward during the Little Ice Age (Haug et al., 2001; Sachs et al., 2009) 
which led to an enhanced South American summer monsoon (Vuille et al., 2012). Speleothem 
δ18O from multiple locations in South America all record a strengthening of the South American 
monsoon intensity during the Little Ice Age (Vuille et al., 2012). In general, an increased South 
American monsoon would lead to wetter conditions which would not be suitable for biomass 
burning. A decline in biomass burning during the Little Ice Age agrees with the biomass burning 
emission histories inferred from ethane, acetylene, and methane. Changes in the location of the 
ITCZ and the intensity of the South American summer monsoon are not accounted for in our 
chemistry transport model simulations. Therefore, the sensitivities used to calculate ethane and 
acetylene biomass burning emission histories do not account for changes in transport which may 
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result from variability in the ITCZ location. One could envision that shifting the ITCZ north or 
south would impact not only the location of fires, but how efficiently ethane and acetylene are 
transported to the polar regions. As such, the emission histories inferred from ethane and 
acetylene in this study would be impacted. Because methane has a much longer lifetime than 
ethane or acetylene, changes in transport on this scale would not impact methane levels at the 
poles. Future work should determine how the location of the ITCZ and the variability in other 
circulation patterns such as the South American monsoon would impact the levels of ethane and 
acetylene over Antarctica and Greenland and ultimately the inferred biomass burning emission 
histories presented here.    
 This study also assumed that geographic distribution of ecosystems (biomes) was 
identical to the modern and did not change through time. This is important because the emission 
factors applied to the biomass burning histories from each gas are dependent on the type of 
biomass burned. If the distribution of ecosystems in the preindustrial were significantly different 
from today, then the inferred biomass burning histories from this study would not be valid. 
Pollen records in Meso- and South America during the last 2,000 years show the succession from 
forests to savanna likely driven by human activities (Flantua et al., 2016). Additional changes in 
vegetation in these regions are observed in the pollen records after the catastrophic depopulation 
which occurred in these regions following European contact in the mid to late 14th century (Koch 
et al., 2019 and references within). Similar pollen studies in New Zealand also show shifts in 
vegetation due to human activities (Elliot et al., 1998). An individual pollen analysis is regional 
at best. An extensive synthesis would be required to generate a comprehensive hemispheric or 
global record of vegetation shifts from pollen records. We did not account for shifts in vegetation 
patterns or the impact these shifts would have on the inferred biomass burning scenarios for the 
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three gases. Future work should attempt to address how shifting vegetation patterns would 
impact the inferred ethane and acetylene biomass burning histories.  
 The magnitude and geographic distribution of biofuel emissions is uncertain. The biofuel 
distribution used to reconstruct the biomass burning histories was based on the modern-day 
distribution of biofuel use and may not reflect the location of biofuel use in the preindustrial 
world (Yevich and Logan, 2003). A recent analysis by Koch et al. (2019) illustrated that the 
biofuel source, both magnitude and location, may have changed during the last 600 years due to 
large population declines in the 14th to 15th centuries. The work presented in this thesis did not 
allow the magnitude or the location of biofuel emissions to vary through time. If biofuel 
emissions were centered more in the tropics, as suggested by the interpretations of Koch et al. 
(2019), then the impact of these emissions on the ethane and acetylene levels over Antarctica 
would be underestimated in this study. Higher biofuel emissions would require the total biomass 
burning emissions to be lower, especially for acetylene which is highly sensitive to emissions in 
South America. Future work should investigate the impact of the location and variability of 
biofuel emissions on the inferred biomass burning histories from ethane and acetylene.  
 This study assumed the methane source isotopic end-members were constant through 
time. There is evidence to suggest this may not be true over the last 2,000 years based on 
vegetation shifts recorded in pollen records (Flauntua et al., 2016 and references within). The 
methane isotope end-members from biomass burning emissions are heavily dependent on the 
type of vegetation which is burned, in particular C3 versus C4 plants. The δ13C of C3 vegetation is 
roughly -25‰ and the δ13C of C4 vegetation is about -12‰ (Farquhar et al., 1989; Quay et al., 
1999; Ferretti et al., 2005).  
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 If large changes in the C3/C4 ratio occurred during the last 1,000 years, the impact on the 
δ13CH4 budget was not captured with our analysis because the isotopic end-members were held 
constant through time. The potential impact of the δ13C end-members on the methane budget was 
explored by varying the δ13C value for the biogenic and biomass burning methane sources across 
the range of their best-estimates. To increase biomass burning methane emissions, both the 
biogenic and biomass burning δ13C signatures must become heavier (more negative). If biomass 
burning δ13CH4 is -25‰ and biogenic δ13CH4 is -65‰, the inferred dry matter burned from 
methane is nearly doubled, thus reducing the difference observed between the ethane and 
acetylene records (Figure 7.1). With this scenario, the Little Ice Age dry matter burned history 
from methane agrees with that from ethane and acetylene. The methane dry matter burned is still 
about 30% lower than that inferred from ethane and acetylene during the Medieval Period.  
 Changing the methane isotopic end-members does not fully reconcile the differences 
between the ethane, acetylene, and methane dry matter burned histories. It is plausible that the 
methane isotope end-members are dynamic and change through time, particularly due to 
ecosystem shifts and changes in the C3/C4 ratio. The complicated nature of the methane isotope 
budget makes interpreting paleo-biomass burning emissions challenging. We are unable to fully 
address all the complexities of the methane budget in this study. Future work should focus on 
better quantifying the methane source isotopic end-members, their potential variability through 
time, and the impact this would have on the biomass burning component of the methane budget.  
 The magnitude and location of geologic emissions of acetylene is a factor which was not 
fully explored in this thesis. There is theoretical evidence to suggest that geologic emissions of 
acetylene occur through the partial combustion of methane in geologic plumes. There is little 
data to quantify the magnitude of the acetylene emissions from this source (Gunther and 
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Musgrave, 1971; G. Etiope, personal communication). A geologic source of acetylene would 
reduce some of the biomass burning emissions required to reproduce the ice core levels. Future 
would should attempt to quantify the magnitude of this potential acetylene source and the impact 
it would have on the inferred biomass burning histories presented in this thesis.  
 In summary, there are several factors which we are unable to fully constrain, and this 
may have led to some of the differences observed in the inferred dry matter histories from 
ethane, acetylene, and methane. Because of these complexities and uncertainties, we cannot 
completely rule out that the ethane, acetylene, and methane emission histories are incompatible 
with a single fire history. Future work should focus on reconciling the ice core ethane, acetylene, 
and methane biomass burning records by investigating the hypotheses outlined above.  
 
Figure 7.1: Inferred dry matter burned from scenario 2 (solid lines, Chapter 6) and dry matter burned 
from methane (black dashed) that results from changing the δ13C end-members of biogenic and 
biomass burning methane sources. δ13CH4 for biomass burning methane is -25‰ and for biogenic 
methane is -65‰ (Farquhar et al., 1989; Quay et al., 1999; Ferretti et al., 2005).  
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7.4 Modeling past and future fire 
 There is debate about whether fire emissions today are greater than or less than the 
preindustrial period. Paleo-evidence from charcoal records and ice core gas measurements of CO 
suggest preindustrial fire occurrence or emissions may have exceeded modern rates (Marlon et 
al., 2008; Wang et al., 2010). On first order, it is thought that humans have increased fire activity 
and emissions through ignitions and deforestation practices (Bowman et al., 2009; Aragão and 
Shimabukuro, 2010). This logic is applied to most global fire models which scale fire emissions 
positively with human population density (Hantson et al., 2016). However, recent modeling 
work and analysis of satellite-derived global burned area shows a negative correlation between 
burned area and human population density (Bistinas et al., 2014; Knorr et al., 2014; van der 
Werf et al., 2017). Andela et al. (2018) proposed this negative relationship is due to land use 
change. Arora and Melton (2018) suggest an overall decline in global burned area of 25-30% 
since 1850 CE. Therefore, challenges lie in projecting future fire emissions and the impact on 
climate. Questions which need to be addressed include: 1) What is the relationship between 
humans and fires? and 2) What is the relationship between climate and fires?  
 Preindustrial burning rates for ethane, acetylene, and methane were most likely greater 
than modern day based on the research in this thesis project. The acetylene biomass burning 
emissions during the Medieval Period were nearly four-times modern day emissions. Analysis by 
van der Werf et al. (2013) argued that burning rates of this magnitude during the preindustrial 
would be challenging to obtain and would require drastic shifts in fire regimes and dynamics 
which are considered infeasible. If the modern fire budget is underestimated, then the magnitude 
of the actual differences between the preindustrial and current biomass burning rates may not be 
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as severe. In this case, the viability of two or three-times modern burning rates during the 
preindustrial comes into question.    
 Most modern biomass burning rates are estimated via satellite-based instrumentation of 
fire activity and these measurement techniques have inherent uncertainties and caveats which 
need to be considered when comparing preindustrial versus modern data (Giglio et al., 2003; 
2013; 2018). First, there is a limit to the minimum size of fire which can be detected remotely 
(Giglio et al., 2013). Many agriculture and cropland fires are smaller than this size (McCarty et 
al., 2009). Second, cloud coverage limits the detection of both active fires and fire scars. 
Therefore, burned areas are likely underestimated in regions with persistent cloud cover. Giglio 
et al. (2018) used a new global burned area mapping algorithm and determined that global 
burned area in the Global Fire Emissions Database version 4.1 (which was used in this thesis) 
may be underestimated by about 26%. Future work should explore the implications and 
feasibility of the preindustrial biomass burning rates observed in this study.  
7.5 Future work  
 This thesis advanced the carbon cycle and fire modeling field by providing a new 
approach to study the long-term history of fire emissions through the analysis of ice core ethane 
and acetylene. Extending the ice core ethane and acetylene records further back in time will 
provide information about the relationship between climate and fire. This will provide a new 
dataset that can be used to validate and constrain coupled vegetation/climate/fire models. These 
models are necessarily to project how fire emissions and the carbon cycle will be impacted in the 
future.    
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APPENDIX A 
MATLAB codes 
Six-box steady-state ethane model  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
This box model calculates the geologic and biomass burning emissions that 
%are necessary to observe the ice core ethane data (Nicewonger et al. 
%2016). The model varies emissions by every 0.01 Tg and then determines the 
%high northern latitude (HNL) and high sothern latitude (HSL) ethane mixing 
%ratios. If these mixing ratios fall within the 2*std error range (+/-) of 
%the ice core mean value for 1600-1750 CE, the model returns a true 
statement.  
%All other conditions return a false. The model then creates a contour plot 
of all 
%the true statments, i.e. the range of emissions of geologic and biomass 
%burning that satisfy the ice core data from Greenland and Antarctica  
% 
%C2H6 box model --> steady state 
%6 boxes (every 30 degrees) 
%loss --> reaction with OH & transport 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all 
close all 
  
  
dlat_box = 30; %width of each latitude box in model  
lat_top = [90:-dlat_box:-60]'; 
lat_bot = [60:-dlat_box:-90]'; 
  
%function which uses Spivakovsky et al. 2010 3D climatological OH & 
%temperature fields combined with JPL reaction rates for ethane to 
%calculate k_OH for each box  
[k_OH] = calc_koh_ethane(lat_top, lat_bot);  
  
%constants  
SA = 4*pi*(6378100^2); %total surface area of earth  
mol_atmo = 1.77*10^20; %moles of "air" in the atmosphere (air = 29g/mol) 
mol_trop = 0.8*mol_atmo; %moles of "air" in the troposphere (up to 200 hPa, 
80%) 
m_trop = 4.11*10^21; % mass of troposphere in grams (80% of mass)  
  
A1 = 2*pi*(6378100^2)*(sind(90)-sind(60)); %surface area in latitude bands  
A2 = 2*pi*(6378100^2)*(sind(60)-sind(30)); 
A3 = 2*pi*(6378100^2)*(sind(30)-sind(0)); 
areas = [A1/SA, A2/SA, A3/SA, A3/SA, A2/SA, A1/SA]; %ratio of SA in each lat 
band 
mass = m_trop*areas; % mass of air in each "box" [g] 
scaler = [0.95, 0.95, 1.05, 1.05, 0.95, 0.95]; %mass in each box scaled based 
on trop. height (shallow in poles) 
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mass = mass.*scaler; 
  
  
%EBAMM model refers to "mass" in # of moles 
mass_box = mol_trop*[A1/SA, A2/SA, A3/SA, A3/SA, A2/SA, A1/SA]'; %mass of 
each box in moles 
C2H6_g_mol = 30.07; % C2H6 grams/mol  
  
%transport coefficents between boxes  
%F0_1 is box1 (reversed from the EBAMM model where Box1 is the HSL) 
Fo = [0.25, 0.9, 0.6, 0.9, 0.6]; 
  
k12 = (Fo(1)*mol_trop)/mass_box(1); 
k21 = (Fo(1)*mol_trop)/mass_box(2); 
  
k23 = (Fo(2)*mol_trop)/mass_box(2); 
k32 = (Fo(2)*mol_trop)/mass_box(3); 
  
k34 = (Fo(3)*mol_trop)/mass_box(3); 
k43 = (Fo(3)*mol_trop)/mass_box(4); 
  
k45 = (Fo(4)*mol_trop)/mass_box(4); 
k54 = (Fo(4)*mol_trop)/mass_box(5); 
  
k56 = (Fo(5)*mol_trop)/mass_box(5); 
k65 = (Fo(5)*mol_trop)/mass_box(6); 
  
%Inversion matrix for steady state - solves for mass of gas in each box 
A = [(k_OH(1) + k12), -k21, 0, 0, 0, 0; 
     
    -k12, (k_OH(2) + k21 +k23), -k32, 0, 0, 0; 
     
    0, -k23, (k_OH(3) + k32 + k34), -k43, 0, 0; 
     
    0, 0, -k34, (k_OH(4) + k43 + k45), -k54, 0;  
     
    0, 0, 0, -k45, (k_OH(5) + k54 + k56), -k65; 
     
    0, 0, 0, 0, -k56, (k_OH(6) + k65)]; 
  
  
%estimate of the global lifetime 
glob_lftm = ((1./k_OH).*365); 
glob_lftm = sum(glob_lftm.*areas); 
  
%geographic distributions updated: 06/17/2015 
burn =      1e12*[0.03, 0.09, 0.46, 0.35, 0.07, 0]'; 
anthro =    0e12*[0.05, 0.58, 0.30, 0.05, 0.02, 0]'; 
biofuel =   0.5e12*[0.03, 0.39, 0.38, 0.15, 0.05, 0]'; %Xiao et al 2008 has 
80% biofuel in NH 
geo =       1e12*[0.04, 0.48, 0.33, 0.11, 0.04, 0]'; 
  
%creates emisison grids  
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B=[0:.01:5]; 
  
burnnew = zeros(length(B),6); 
geonew = zeros(length(B),6); 
biofuelnew = zeros(length(B),6); 
anthronew = zeros(length(B),6); 
  
for i=1:length(B)         
    burnnew(i,:) = B(i)*burn;   %Ferretti [2005] level 
    geonew(i,:) = B(i)*geo;  
end 
burngrid = zeros(length(B),length(B),6); 
geogrid = zeros(length(B),length(B),6); 
sourcegrid = zeros(length(B),length(B),6); 
M = zeros(length(B),length(B),6); 
  
for j=1:6 
 [burngrid(:,:,j),geogrid(:,:,j)] = meshgrid(burnnew(:,j),geonew(:,j)); 
   sourcegrid(:,:,j) = burngrid(:,:,j)+geogrid(:,:,j)+anthro(j)+biofuel(j); 
%anthro & biofuel are constants (0 and 0.5 Tg/yr, respectively) 
end 
   
for x = 1:length(B) 
    for y = 1:length(B) 
        M(x,y,:) = A\squeeze(sourcegrid(x,y,:)); 
    end 
end 
  
%calulation of box mixing ratios for modern (M) and pre-industiral (M2) 
out_ppt = zeros(length(B), length(B),6); 
for i=1:6 
    out_ppt(:,:,i) = 1e12.*(M(:,:,i)./C2H6_g_mol)./mass_box(i)'; 
end 
  
% % % %%%%%%%%%%PUBLSIHED GISP mean%%%%%%%%%%%%%%%% 
G = 396.8;  
G_std = 27.6;  
  
% % % %%%%%%%PUBLISHED WDC mean%%%%%%%%%%%%%%%%%  
W = 102.6; 
W_std = 9.2;  
  
%creating empty arrays for true scenarios 
scenario = zeros(length(out_ppt),length(out_ppt),6); 
scenario_true = zeros(length(out_ppt),length(out_ppt)); 
  
  
for i = 1:length(out_ppt) 
    for j=1:length(out_ppt) 
% %conditional statement for HNL   
if (out_ppt(i, j, 1) >= G-2*G_std) && (out_ppt(i,j,1) <= G+2*G_std) 
   scenario(i,j,1) = 1;  %two sigma 
end 
% conditional statement for HSL 
if (out_ppt(i, j, 6) >= W-2*W_std) && (out_ppt(i,j,6) <= W+2*W_std) 
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   scenario(i,j,6) = 1; %two sigma 
end 
% if HNL & HSL are within ice core range = 1 
if (scenario(i,j,1) ==1) && (scenario(i,j,6) == 1); 
    scenario_true(i,j) = 1; 
end 
   end        
end 
  
%%Plotting the valid emisison scenario as a contour (everything inside the 
%%contour is a emission scenario which can reproduce the mean ice core 
%%levels 
  
f1 = figure(1); set(gcf,'clipping','off','color','w'); 
v = [0,1]; 
contour(B,B,scenario_true, v) 
colormap([rgb('Beige'); rgb('Navy'); rgb('SeaGreen'); rgb('Maroon')]); 
xlabel('Biomass Burning Emissions (Tg/yr)', 'Fontsize', 14); 
set(gca, 'Fontsize', 14) 
ylabel('Geologic Emissions (Tg/yr)', 'Fontsize', 14); 
title('Preindustrial Simulations', 'Fontsize', 14); 
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Methane box model: version 1 
 
function [CH4_Mtot, CH4_delC, CH4_delD] = methaneModel1Box_mrn(S, L_OH, 
iso_flag) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%INPUTS:  
%S = methane source structure 
%L_OH = methane lifetime (yrs) 
%iso_flag = 'old' or 'new' for end-members 
%OUTPUTS: 
%CH4_Mtot = mass of methane 
%CH4_delC = 13C signature of methane (in per mil)  
%CH4_delD = deuterium signature of methane  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This methane model (VERSION 1) solves for the mass of methane and the delC 
and delD signature of methane.  
   
global S13C S12C SD L 
  
% %source histories in Tg/yr CH4 
% S.year =  [ 1700 1800 1900 1920 1940 1960 1980 2000 ]; 
% S.ag =    [ 10 10 15 30 60 60 80 50 ]; 
% S.geo =   [ 10 10 19 30 60 115 125 100 ]; 
% S.micro = [ 220 220 220 220 240 275 275 275 ]; 
% S.bb =    [ 18 18 20 25 25 25 25 25 ]; 
S.totalTg = S.ag + S.geo + S.micro + S.bb + S.ff + S.bio; 
S.totalTMol = S.totalTg/16; %approximate 
  
%13C source isotope ratios 
if strcmp('new', iso_flag) 
    Rstd13C = 0.0112372; %Craig, 1957 
    SdelC.ag = -62.3/1000; %uncertainty is %-60/1000; 
    SdelC.geo = -43/1000; 
    SdelC.micro = -62.3/1000;  
    SdelC.bb = -22.3/1000; %Shwietzke et al 2017        
    SdelC.bio = -22.3/1000; %Shwietzke et al 2017        
    SdelC.ff = -43/1000; %Shwietzke et al 2017 
else 
    Rstd13C = 0.0112372; %Craig, 1957 
    SdelC.ag = -60/1000;  
    SdelC.geo = -40/1000;          
    SdelC.micro =  -60/1000;  
    SdelC.bb = -20/1000;  
    SdelC.bio = -20/1000;  
    SdelC.ff = -40/1000; 
end 
  
S13Cratio.ag = (SdelC.ag + 1) * Rstd13C; 
S13Cratio.geo =  (SdelC.geo + 1) * Rstd13C; 
S13Cratio.micro = (SdelC.micro + 1) * Rstd13C; 
S13Cratio.bb = (SdelC.bb + 1) * Rstd13C; 
S13Cratio.ff = (SdelC.ff +1) * Rstd13C;  
S13Cratio.bio = (SdelC.bio +1) * Rstd13C;  
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%check on source del 13C 
sourceDel13C_1 = 1e3*(SdelC.ag*S.ag + SdelC.geo*S.geo + SdelC.micro*S.micro + 
SdelC.bb*S.bb + SdelC.bio*S.bio + SdelC.ff*S.ff)./16./S.totalTMol(1); 
%compute isotope sources by solving simultaneous equations: 
%   17*TMol13C + 16*TMol12 = TgTotal 
%   TMol12C*R = TMol13C 
S13C.agTMol = S.ag./(17+(16/S13Cratio.ag)); 
S13C.geoTMol = S.geo./(17+(16/S13Cratio.geo)); 
S13C.microTMol = S.micro./(17+(16/S13Cratio.micro)); 
S13C.bbTMol = S.bb./(17+(16/S13Cratio.bb)); 
S13C.ffTMol = S.ff./(17+(16/S13Cratio.ff)); 
S13C.bioTMol = S.bio./(17+(16/S13Cratio.bio)); 
  
S12C.agTMol = S.ag./((17*S13Cratio.ag+16)); 
S12C.geoTMol = S.geo./((17*S13Cratio.geo+16)); 
S12C.microTMol = S.micro./((17*S13Cratio.micro+16)); 
S12C.bbTMol = S.bb./((17*S13Cratio.bb+16)); 
S12C.ffTMol = S.ff./((17*S13Cratio.ff+16)); 
S12C.bioTMol = S.bio./((17*S13Cratio.bio+16)); 
  
S13C.totalTMol = S13C.agTMol + S13C.geoTMol + S13C.microTMol + S13C.bbTMol + 
S13C.ffTMol + S13C.bioTMol; 
S12C.totalTMol = S12C.agTMol + S12C.geoTMol + S12C.microTMol + S12C.bbTMol + 
S12C.ffTMol + S12C.bioTMol; 
%recheck source del 13C 
%S12C.totalTMol = S.totalTMol - S13C.totalTMol; 
sourceDel13C_2 = (((S13C.totalTMol./S12C.totalTMol)/Rstd13C)-1)*1000; 
  
%13C source histories in Tg/yr 13CH4 
S13C.ag = S13C.agTMol .* 17; 
S13C.geo = S13C.geoTMol * 17; 
S13C.micro = S13C.microTMol * 17; 
S13C.bb = S13C.bbTMol * 17; 
S13C.ff = S13C.ffTMol * 17; 
S13C.bio = S13C.bioTMol * 17; 
S13C.totalTg = S13C.ag + S13C.geo + S13C.micro + S13C.bb + S13C.ff + 
S13C.bio; 
  
%12C source histories in Tg/yr 12CH4 
S12C.ag = S12C.agTMol .* 16; 
S12C.geo = S12C.geoTMol .* 16; 
S12C.micro = S12C.microTMol  .* 16; 
S12C.bb = S12C.bbTMol  .* 16; 
S12C.ff = S12C.ffTMol  .* 16; 
S12C.bio = S12C.bioTMol  .* 16; 
S12C.totalTg = S12C.ag + S12C.geo + S12C.micro + S12C.bb + S12C.ff + 
S12C.bio; 
  
  
%D source isotope ratios - ******CHECK THIS BEFORE USING 
RstdD = 155.76 * 1E-6;  %D/H ratio in V-SMOW Gonfantini, 1978 should be 
increased by 0.2 per mil 
SdelD.ag = -330/1000; 
SdelD.geo = -175/1000; 
SdelD.micro = -322/1000; 
SdelD.bb = -169/1000; 
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SdelD.ff = -175/1000; 
SdelD.bio = -169/1000; 
  
SDratio.ag = (SdelD.ag + 1) * RstdD; 
SDratio.geo = (SdelD.geo + 1) * RstdD; 
SDratio.micro = (SdelD.micro + 1) * RstdD; 
SDratio.bb = (SdelD.bb + 1) * RstdD; 
SDratio.ff = (SdelD.ff + 1) * RstdD; 
SDratio.bio = (SdelD.bio + 1) * RstdD; 
  
%D source histories in Tg/yr D CH4 
SD.ag = S12C.ag * SDratio.ag * (18/16); 
SD.geo = S12C.geo * SDratio.geo * (18/16); 
SD.micro = S12C.micro * SDratio.micro * (18/16); 
SD.bb = S12C.bb * SDratio.bb * (18/16); 
SD.ff = S12C.ff * SDratio.ff * (18/16); 
SD.bio = S12C.bio * SDratio.bio * (18/16); 
  
SD.totalTg = SD.ag + SD.geo + SD.micro + SD.bb + SD.ff + SD.bio; 
SD.totalTMol = SD.totalTg/18; 
  
 
L.k.total = (1/L_OH)/.88; %present day methane total lifetime  
L.k.OH = 0.88 * L.k.total; 
L.k.soil = 0.07 * L.k.total; 
L.k.strat = 0.05 * L.k.total; 
L.k.Cl = 0 * L.k.total; %zero Cl oxidation  
  
L.C13alpha.OH = 0.9961; 
L.C13alpha.soil = 0.9847; 
L.C13alpha.strat = 0.9824; 
L.C13alpha.Cl = 1/1.0621; %Tyler et al. GRL 2000 at 298 
L.k13C.OH = L.k.OH * L.C13alpha.OH; 
L.k13C.soil = L.k.soil * L.C13alpha.soil; 
L.k13C.strat = L.k.strat * L.C13alpha.strat; 
L.k13C.Cl = L.k.Cl * L.C13alpha.Cl; 
  
L.Dalpha.OH = 0.7729; 
L.Dalpha.soil = 0.7005; 
L.Dalpha.strat = 0.8764; 
L.Dalpha.Cl = 1/1.474; %Tyler et al. GRL 2000 at 298 
L.kD.OH = L.k.OH * L.Dalpha.OH; 
L.kD.soil = L.k.soil * L.Dalpha.soil; 
L.kD.strat = L.k.strat * L.Dalpha.strat; 
L.kD.Cl = L.k.Cl * L.Dalpha.Cl; 
  
%initial conditions in atmosphere - assume steady state 
massAtm = (5E18)/1e12; %Tg 
molAtm = 5E18*1E3/30; %g/30 = moles of air 
InitAtm13Cdel = -49/1000; 
InitAtm13Cratio = (InitAtm13Cdel + 1) * Rstd13C; 
  
InitAtmTMol(1) = S.totalTMol(1) ./ L.k.total; %0.7*1E-6 * molAtm/1E12; 
InitAtmTMol(2) = S12C.totalTMol(1) ./ L.k.total; %InitAtmTMol(1)/(1 + 
InitAtm13Cratio); 
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InitAtmTMol(3) = S13C.totalTMol(1) ./ (L.k13C.OH + L.k13C.soil + 
L.k13C.strat); %InitAtmTMol(1)/(1 + (1/InitAtm13Cratio)); 
InitAtmTMol(4) = SD.totalTMol(1) ./ (L.kD.OH + L.kD.soil + L.kD.strat);  
%check initial atm isotope ratio 
InitAtm13Cdel = (((InitAtmTMol(3)./InitAtmTMol(2))./Rstd13C)-1)*1000; 
  
CH4_Mtot = InitAtmTMol(1);  
CH4_delC = InitAtm13Cdel; 
CH4_delD = InitAtmTMol(4);  
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Methane box model: version 2 
 
function [CH4_Mtot, CH4_delC, CH4_delD] = methaneModel1Box_mrn(S, L_OH, 
iso_flag) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%INPUTS:  
%S = methane source structure 
%L_OH = methane lifetime (yrs) 
%iso_flag = 'old' or 'new' for end-members 
%OUTPUTS: 
%CH4_Mtot = mass of methane 
%CH4_delC = 13C signature of methane (in per mil)  
%CH4_delD = deuterium signature of methane  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%VERSION 2 of the methane model; updated calculation of methane lifetimes  
  
global S13C S12C SD L 
  
% %source histories in Tg/yr CH4 
% S.year =  [ 1700 1800 1900 1920 1940 1960 1980 2000 ]; 
% S.ag =    [ 10 10 15 30 60 60 80 50 ]; 
% S.geo =   [ 10 10 19 30 60 115 125 100 ]; 
% S.micro = [ 220 220 220 220 240 275 275 275 ]; 
% S.bb =    [ 18 18 20 25 25 25 25 25 ]; 
S.totalTg = S.geo + S.micro + S.bb + S.ff + S.bio; 
S.totalTMol = S.totalTg/16; %approximate 
  
%13C source isotope ratios 
if strcmp('new', iso_flag) 
    Rstd13C = 0.0112372; %Craig, 1957 
    SdelC.geo = -43/1000; Shwietzke et al 2017        
    SdelC.micro =  -62.3/1000; Shwietzke et al 2017        
    SdelC.bb = -22.3/1000; Shwietzke et al 2017        
    SdelC.bio = -22.3/1000; %Shwietzke et al 2017        
    SdelC.ff = -43/1000; %Shwietzke et al 2017 
else 
    Rstd13C = 0.0112372; %Craig, 1957 
    SdelC.geo = -43/1000;           
    SdelC.micro = -60.5/1000; %adjusting for 1.8 per mil change in 13CO2 from 
 1800s to modern 
    SdelC.bb =  -20.5/1000; %adjusting for 1.8 per mil change in 13CO2 from 
 1800s to modern 
    SdelC.bio = -20.5/1000;  
    SdelC.ff = -43/1000; 
end 
  
S13Cratio.geo =  (SdelC.geo + 1) * Rstd13C; 
S13Cratio.micro = (SdelC.micro + 1) * Rstd13C; 
S13Cratio.bb = (SdelC.bb + 1) * Rstd13C; 
S13Cratio.ff = (SdelC.ff +1) * Rstd13C;  
S13Cratio.bio = (SdelC.bio +1) * Rstd13C;  
  
%check on source del 13C 
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sourceDel13C_1 = 1e3*(SdelC.geo*S.geo + SdelC.micro*S.micro + SdelC.bb*S.bb + 
SdelC.bio*S.bio + SdelC.ff*S.ff)./16./S.totalTMol(1); 
%compute isotope sources by solving simultaneous equations: 
%   17*TMol13C + 16*TMol12 = TgTotal 
%   TMol12C*R = TMol13C 
S13C.geoTMol = S.geo./(17+(16/S13Cratio.geo)); 
S13C.microTMol = S.micro./(17+(16/S13Cratio.micro)); 
S13C.bbTMol = S.bb./(17+(16/S13Cratio.bb)); 
S13C.ffTMol = S.ff./(17+(16/S13Cratio.ff)); 
S13C.bioTMol = S.bio./(17+(16/S13Cratio.bio)); 
  
S12C.geoTMol = S.geo./((17*S13Cratio.geo+16)); 
S12C.microTMol = S.micro./((17*S13Cratio.micro+16)); 
S12C.bbTMol = S.bb./((17*S13Cratio.bb+16)); 
S12C.ffTMol = S.ff./((17*S13Cratio.ff+16)); 
S12C.bioTMol = S.bio./((17*S13Cratio.bio+16)); 
  
S13C.totalTMol = S13C.geoTMol + S13C.microTMol + S13C.bbTMol + S13C.ffTMol + 
S13C.bioTMol; 
S12C.totalTMol = S12C.geoTMol + S12C.microTMol + S12C.bbTMol + S12C.ffTMol + 
S12C.bioTMol; 
%recheck source del 13C 
%S12C.totalTMol = S.totalTMol - S13C.totalTMol; 
sourceDel13C_2 = (((S13C.totalTMol./S12C.totalTMol)/Rstd13C)-1)*1000; 
  
%13C source histories in Tg/yr 13CH4 
S13C.geo = S13C.geoTMol * 17; 
S13C.micro = S13C.microTMol * 17; 
S13C.bb = S13C.bbTMol * 17; 
S13C.ff = S13C.ffTMol * 17; 
S13C.bio = S13C.bioTMol * 17; 
S13C.totalTg = S13C.geo + S13C.micro + S13C.bb + S13C.ff + S13C.bio; 
  
%12C source histories in Tg/yr 12CH4 
S12C.geo = S12C.geoTMol .* 16; 
S12C.micro = S12C.microTMol  .* 16; 
S12C.bb = S12C.bbTMol  .* 16; 
S12C.ff = S12C.ffTMol  .* 16; 
S12C.bio = S12C.bioTMol  .* 16; 
S12C.totalTg = S12C.geo + S12C.micro + S12C.bb + S12C.ff + S12C.bio; 
  
%D source isotope ratios - ******CHECK THIS BEFORE USING 
RstdD = 155.76 * 1E-6;  %D/H ratio in V-SMOW Gonfantini, 1978 should be 
increased by 0.2 per mil 
SdelD.geo = -175/1000; 
SdelD.micro = -322/1000; 
SdelD.bb = -169/1000; 
SdelD.ff = -175/1000; 
SdelD.bio = -169/1000; 
  
SDratio.geo = (SdelD.geo + 1) * RstdD; 
SDratio.micro = (SdelD.micro + 1) * RstdD; 
SDratio.bb = (SdelD.bb + 1) * RstdD; 
SDratio.ff = (SdelD.ff + 1) * RstdD; 
SDratio.bio = (SdelD.bio + 1) * RstdD; 
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%D source histories in Tg/yr D CH4 
SD.geo = S12C.geo * SDratio.geo * (18/16); 
SD.micro = S12C.micro * SDratio.micro * (18/16); 
SD.bb = S12C.bb * SDratio.bb * (18/16); 
SD.ff = S12C.ff * SDratio.ff * (18/16); 
SD.bio = S12C.bio * SDratio.bio * (18/16); 
  
SD.totalTg = SD.geo + SD.micro + SD.bb + SD.ff + SD.bio; 
SD.totalTMol = SD.totalTg/18; 
 
%sinks  
L.k.OH = (1/L_OH); 
L.k.soil = (1/200); %(1/200); %TAR value see Curry, 2008 paper see Prather et 
al 2012 paper||0.07 * L.k.total; 
L.k.strat = (1/120); %Prather et al., 2012 || 0.05 * L.k.total; 
L.k.Cl = (1/200); %(1/200); %Prather et al., 2012  
L.k.total = L.k.OH + L.k.soil + L.k.strat + L.k.Cl; %present day methane 
total lifetime - Eric had (1/7.6) 
  
L.C13alpha.OH = 0.995; %[Lassey et al., 2007] %0.9961; 
L.C13alpha.soil = 0.98; %[Lassey et al., 2007] %0.9847; 
L.C13alpha.strat = 0.9970; %[Lassey et al., 2007] %0.9824; 
L.C13alpha.Cl = 0.94; %[Lassey et al., 2007 using Allen et al., 2004,2007] 
%1/1.0621; %Tyler et al. GRL 2000 at 298 
L.k13C.OH = L.k.OH * L.C13alpha.OH; 
L.k13C.soil = L.k.soil * L.C13alpha.soil; 
L.k13C.strat = L.k.strat * L.C13alpha.strat; 
L.k13C.Cl = L.k.Cl * L.C13alpha.Cl; 
  
L.Dalpha.OH = 0.7729; 
L.Dalpha.soil = 0.7005; 
L.Dalpha.strat = 0.8764; 
L.Dalpha.Cl = 1/1.474; %Tyler et al. GRL 2000 at 298 
L.kD.OH = L.k.OH * L.Dalpha.OH; 
L.kD.soil = L.k.soil * L.Dalpha.soil; 
L.kD.strat = L.k.strat * L.Dalpha.strat; 
L.kD.Cl = L.k.Cl * L.Dalpha.Cl; 
  
%initial conditions in atmosphere - assume steady state 
massAtm = (5E18)/1e12; %Tg 
molAtm = 5E18*1E3/30; %g/30 = moles of air 
InitAtm13Cdel = -49/1000; 
InitAtm13Cratio = (InitAtm13Cdel + 1) * Rstd13C; 
  
InitAtmTMol(1) = S.totalTMol(1) ./ L.k.total; %0.7*1E-6 * molAtm/1E12; 
InitAtmTMol(2) = S12C.totalTMol(1) ./ L.k.total; %InitAtmTMol(1)/(1 + 
InitAtm13Cratio); 
InitAtmTMol(3) = S13C.totalTMol(1) ./ (L.k13C.OH + L.k13C.soil + L.k13C.strat 
+ L.k13C.Cl); %InitAtmTMol(1)/(1 + (1/InitAtm13Cratio)); 
InitAtmTMol(4) = SD.totalTMol(1) ./ (L.kD.OH + L.kD.soil + L.kD.strat + 
L.kD.Cl);  
%check initial atm isotope ratio 
InitAtm13Cdel = (((InitAtmTMol(3)./InitAtmTMol(2))./Rstd13C)-1)*1000; 
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CH4_Mtot = InitAtmTMol(1);  
CH4_delC = InitAtm13Cdel; 
CH4_delD = InitAtmTMol(4);  
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Methane grid search code  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% This script calculates the methane mixing ratio (ppb) and the 13CH4 and 
%%% delD-CH4 over a range of emissions using the methane box model function  
%(methaneModel1Box). Emission scenarios are compared to the ice core data and  
%those which are consistent with the ice core data are considered "valid". 
%The valid emission scenarios are calculated and plotted as "goodness of 
%fit" 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all 
close all 
  
global L 
  
%set up range for each emission type  
E_CH4.geo = [0:10:70]; 
E_CH4.micro = [100:1:250]; 
E_CH4.bb = [0:1:50];  
E_CH4.bio = 6; 
E_CH4.ff = 0; 
   
L_OH = 11.2; %Prather et al., 2012 methane chemical lifetime %Voulgarakis et 
al 2013 ACCMIP Multimodel mean 
iso_flag = 'old'; 
  
CH4_Mtot = zeros(length(E_CH4.micro), length(E_CH4.bb), length(E_CH4.geo));  
CH4_delC = zeros(length(E_CH4.micro), length(E_CH4.bb), length(E_CH4.geo));  
CH4_delD = zeros(length(E_CH4.micro), length(E_CH4.bb), length(E_CH4.geo));  
  
E_temp.bio = E_CH4.bio(1); 
E_temp.ff = E_CH4.ff(1); 
  
for i = 1:length(E_CH4.micro) 
  E_temp.micro = E_CH4.micro(i); 
 for j = 1:length(E_CH4.bb) 
    E_temp.bb = E_CH4.bb(j); 
    for k = 1:length(E_CH4.geo) 
      E_temp.geo = E_CH4.geo(k); 
  [CH4_Mtot(i,j,k), CH4_delC(i,j,k), CH4_delD(i,j,k)] = 
methaneModel1Box_montecarlo_noCl_2019_0213(E_temp, L_OH, iso_flag);   
    end 
 end 
end 
CH4_ppb = (CH4_Mtot*10^12/(1.77*10^20))*1e9; 
  
%% 
scenario_MCA_chi = zeros(length(E_CH4.micro), length(E_CH4.bb), 
length(E_CH4.geo));  
scenario_MCA_true = zeros(length(E_CH4.micro), length(E_CH4.bb), 
length(E_CH4.geo));  
scenario_LIA_chi = zeros(length(E_CH4.micro), length(E_CH4.bb), 
length(E_CH4.geo));  
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scenario_LIA_true = zeros(length(E_CH4.micro), length(E_CH4.bb));  
  
% geo = 1; 
  
%ice core mean values  
CH4_ppb_MCA = 682.5;  
CH4_ppb_LIA = 700.6; 
CH4_delC_MCA = -47.49; 
CH4_delC_LIA = -48.91; 
  
for i = 1:length(E_CH4.micro) 
    for j=1:length(E_CH4.bb) 
        for k=1:length(E_CH4.geo) 
  
            chi1(i,j,k) = abs(CH4_ppb(i,j,k) - CH4_ppb_MCA)./CH4_ppb_MCA;  
            chi2(i,j,k) = (abs(CH4_delC(i,j,k) - CH4_delC_MCA)./3); 
             
            chi10(i,j,k) = abs(CH4_ppb(i,j,k) - CH4_ppb_LIA)./CH4_ppb_LIA;  
            chi20(i,j,k) = abs((CH4_delC(i,j,k) - CH4_delC_LIA))./3; 
%          
        end 
    end 
end 
  
chi_MCA_true = NaN(length(E_CH4.micro), length(E_CH4.bb), length(E_CH4.geo));  
chi_LIA_true = NaN(length(E_CH4.micro), length(E_CH4.bb), length(E_CH4.geo)); 
for i = 1:length(E_CH4.micro) 
    for j=1:length(E_CH4.bb) 
        for k=1:length(E_CH4.geo) 
    if (chi1(i,j,k) <= 0.10) && (chi2(i,j,k) <=0.10) 
        chi_MCA_true(i,j,k) = 1;  
    end 
        if chi10(i,j,k) <= 0.10 && chi20(i,j,k) <=0.10 
            chi_LIA_true(i,j,k) = 1;  
        end 
     end 
        end 
end 
  
%goodness of fit calculation  
chi_MCA_rms= sqrt(chi1.^2 + chi2.^2);  
chi_MCA_rms = chi_MCA_rms.*chi_MCA_true;  
  
chi_LIA_rms= sqrt(chi10.^2 + chi20.^2);  
chi_LIA_rms = chi_LIA_rms.*chi_LIA_true;  
  
[vx, vy] = meshgrid(E_CH4.bb,E_CH4.micro);  
  
%calculates the mean & std of the "true" scenarios at each geologic  
valid_MCA = zeros(2,2,8);  
for i = 1:length(E_CH4.geo) 
    temp = chi_MCA_true(:,:,i);  
    temp2 = temp(:); 
    vrows = find(temp2==1); 
    vburn =vx(vrows); 
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    vmicrobe = vy(vrows); 
    valid_MCA(1,1,i) = mean(vburn);  
    valid_MCA(2,1,i) = std(vburn);  
    valid_MCA(1,2,i) = mean(vmicrobe);  
    valid_MCA(2,2,i) = std(vmicrobe);      
end 
  
valid_LIA = zeros(2,2,8);  
for i = 1:length(E_CH4.geo) 
    temp = chi_LIA_true(:,:,i);  
    temp2 = temp(:); 
    vrows = find(temp2==1); 
    vburn =vx(vrows); 
    vmicrobe = vy(vrows); 
    valid_LIA(1,1,i) = mean(vburn);  
    valid_LIA(2,1,i) = std(vburn);  
    valid_LIA(1,2,i) = mean(vmicrobe);  
    valid_LIA(2,2,i) = std(vmicrobe);      
end 
  
%plotting the "pizza" slices  
brewermap('RdYlBu') 
data=chi_MCA_rms; 
data2=chi_LIA_rms; 
  
f3 = figure('position', [0, 0, 700,500]);  
set(gcf,'clipping','on','color','w'); 
[x,y,z]=meshgrid(E_CH4.bb,E_CH4.micro,E_CH4.geo); 
s1 = subplot(1,2,1);  
data(isnan(data))=10; %replacing NaNs with 10 for plotting 
scatter3(x(:),y(:),z(:),30,data(:),'filled'); 
%view(40,35) 
hold on 
title('1000-1500 CE'); 
xlabel({'All Biomass'}, 'Rotation', 0); 
ylabel({'Microbial'}, 'Rotation', 0); 
zlabel('Geologic'); 
%xlabel('xx'); 
caxis([0 0.15]); 
% colorbar('eastoutside');   
colormap(brewermap); 
view(-26,8); 
% c.Label.String = 'Chi-squared';  
hold off 
pos = get(gca, 'Position'); %[left bottom width height] 
pos(1) = 0.10; 
pos(2) = 0.10; 
pos(3) = 0.32; 
pos(4) = 0.80; 
set(gca, 'Position', pos, 'Fontsize', 10, 'box', 'off', 'XColor', 'k', 
'YColor', 'k', 'ZColor', 'k') 
axis([0.5 50 50 200 0 70]);  
  
s2 = subplot(1,2,2);  
data2(isnan(data2))=10; %replacing NaNs with 10 for plotting 
scatter3(x(:),y(:),z(:),30,data2(:),'filled'); 
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title('1600-1800 CE'); 
xlabel({'All Biomass'}, 'Rotation', 0); 
ylabel({'Microbial'}, 'Rotation', 0); 
zlabel('Geologic'); 
%xlabel('xx'); 
caxis([0 0.15]); 
colormap(brewermap); 
view(-26,8); 
% c.Label.String = 'Chi-squared';  
hold off             
pos = get(gca, 'Position'); %[left bottom width height] 
pos(1) = 0.52; 
pos(2) = 0.10; 
pos(3) = 0.32; 
pos(4) = 0.80; 
set(gca, 'Position', pos, 'Fontsize', 10, 'box', 'off', 'XColor', 'k', 
'YColor', 'k', 'ZColor', 'k'); 
h=colorbar('EastOutside'); 
axis([0.5 50 50 200 0 70]);  
set(h, 'Position', [.86 .10 .05 .80], 'FontSize', 10); 
h.Label.String = 'Goodness of Fit'; 
h.Label.FontSize = 10;  
h.Color = 'k';  
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Ethane grid search MATLAB code  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% This script calculates ethane mixing ratio over Greenland and 
%%%% Antarctica for various emission scenarios by multiplying the emissions 
%%%% (in Tg yr-1) by their respective UCI-CTM sensitivity (in ppt/Tg yr-1). 
%%%% Emission scenarios which yield ethane levels over Greenland and 
%%%% Antarctica which are within 10% of the mean ice core levels are 
%%%% considered valid. The mean and std dev. of the valid scenarios over a 
%%%% range of geologic emissions are calculated and plotted as a "pizza" 
%%%% slice plot.  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
close all  
clear all 
  
%set range for each emission type  
geo = [0:1:7]; 
burn = [0:0.05:5];  
boreal = [0:0.05:3]; 
bio = 0.5; 
  
%% 
for i = 1:length(boreal) 
 for j = 1:length(burn) 
     for k = 1:length(geo) 
ethane_grn(i,j,k) = 87.95.*geo(k) + 21.50.*burn(j)+ 79.10*bio + 
214.29*boreal(i);  
ethane_ant(i,j,k) = 20.33.*geo(k) + 31.81.*burn(j)+ 16.86*bio + 
4.44*boreal(i);  
    end 
 end 
end 
  
%%%%%%%%%% MEAN VALUES UPDATED AND VERIFIED 1.30.2019 %%%%%%%%%%%%%%%%%%%%% 
ant_ts1 = 119.3; 
ant_ts2 = 82.6;  
grn_ts1 = 514.8; 
grn_ts2 = 483.8; 
  
for i = 1:length(boreal) 
    for j=1:length(burn) 
        for k=1:length(geo) 
  
            chi_ant_MCA(i,j,k) = abs((ethane_ant(i,j,k) - ant_ts1))./ant_ts1;  
            chi_grn_MCA(i,j,k) = abs((ethane_grn(i,j,k) - grn_ts1))./grn_ts1; 
            chi_ant_LIA(i,j,k) = abs((ethane_ant(i,j,k) - ant_ts2))./ant_ts2;  
            chi_grn_LIA(i,j,k) = abs((ethane_grn(i,j,k) - grn_ts2))./grn_ts2; 
    end 
end 
end 
  
chi_MCA_true = NaN(length(boreal), length(burn), length(geo));  
chi_LIA_true = NaN(length(boreal), length(burn), length(geo));  
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for i = 1:length(boreal) 
   for  j = 1:length(burn) 
       for k = 1:length(geo) 
    if chi_ant_MCA(i,j,k) <= 0.10 && chi_grn_MCA(i,j,k) <=0.10 
        chi_MCA_true(i,j,k) = 1;  
    end 
        if chi_ant_LIA(i,j,k) <= 0.10 && chi_grn_LIA(i,j,k) <=0.10 
            chi_LIA_true(i,j,k) = 1;  
        end 
        end 
    end 
end 
  
chi_MCA_rms= sqrt(chi_ant_MCA.^2 + chi_grn_MCA.^2);  
chi_MCA_rms = chi_MCA_rms.*chi_MCA_true;  
  
chi_LIA_rms= sqrt(chi_ant_LIA.^2 + chi_grn_LIA.^2);  
chi_LIA_rms = chi_LIA_rms.*chi_LIA_true;  
  
chi_MCA_true(isnan(chi_MCA_true))=0; 
chi_LIA_true(isnan(chi_LIA_true))=0; 
  
%% 
[vx, vy] = meshgrid(burn,boreal);  
  
valid_MCA = zeros(2,2,length(geo));  
for i = 1:length(geo) 
    temp = chi_MCA_true(:,:,i);  
    temp2 = temp(:); 
    vrows = find(temp2==1); 
    vburn =vx(vrows); 
    vboreal = vy(vrows); 
    valid_MCA(1,1,i) = mean(vburn);  
    valid_MCA(2,1,i) = std(vburn);  
    valid_MCA(1,2,i) = mean(vboreal);  
    valid_MCA(2,2,i) = std(vboreal);      
end 
  
valid_LIA = zeros(2,2,length(geo));  
for i = 1:length(geo) 
    temp = chi_LIA_true(:,:,i);  
    temp2 = temp(:); 
    vrows = find(temp2==1); 
    vburn =vx(vrows); 
    vboreal = vy(vrows); 
    valid_LIA(1,1,i) = mean(vburn);  
    valid_LIA(2,1,i) = std(vburn);  
    valid_LIA(1,2,i) = mean(vboreal);  
    valid_LIA(2,2,i) = std(vboreal);      
end 
  
  
  
%%  
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brewermap('RdYlBu') 
[x,y,z]=meshgrid(burn,boreal,geo); 
f2 = figure('position', [0, 0, 700,500]); 
set(gcf,'clipping','on','color','w'); 
subplot(1,2,1); 
colormap(brewermap); 
chi_MCA_rms_temp=chi_MCA_rms; 
chi_MCA_rms_temp(isnan(chi_MCA_rms_temp))=999; 
scatter3(x(:),y(:),z(:),20,chi_MCA_rms_temp(:),'filled'); 
caxis([0 0.15]); 
view(-20,8) 
hold off 
xlabel({'Non-boreal'}, 'Rotation',0); 
ylabel({'Boreal'}, 'Rotation', 0); 
zlabel('Geologic'); 
title('1000-1500 CE'); 
pos = get(gca, 'Position'); %[left bottom width height] 
pos(1) = 0.10; 
pos(2) = 0.10; 
pos(3) = 0.32; 
pos(4) = 0.80; 
set(gca, 'Position', pos, 'Fontsize', 12, 'box', 'off', 'XColor', 'k', 
'YColor', 'k', 'ZColor', 'k') 
axis([0.1 5 0.1 3 0 5]); 
  
subplot(1,2,2); 
colormap(brewermap); 
chi_LIA_rms_temp=chi_LIA_rms; 
chi_LIA_rms_temp(isnan(chi_LIA_rms_temp))=999; 
scatter3(x(:),y(:),z(:),20,chi_LIA_rms_temp(:),'filled'); 
caxis([0 0.15]); 
view(-20,8) 
hold off 
xlabel({'Non-boreal'}, 'Rotation', 0); 
ylabel({'Boreal'}, 'Rotation', 0); 
zlabel('Geologic'); 
title('1600-1800 CE'); 
pos = get(gca, 'Position'); %[left bottom width height] 
pos(1) = 0.52; 
pos(2) = 0.10; 
pos(3) = 0.32; 
pos(4) = 0.80; 
set(gca, 'Position', pos, 'Fontsize', 12, 'box', 'off', 'XColor', 'k', 
'YColor', 'k', 'ZColor', 'k'); 
h=colorbar('EastOutside'); 
axis([0.1 5 0.1 3 0 5]); 
set(h, 'Position', [.86 .10 .05 .80]); 
h.Label.String = 'Goodness of Fit'; 
% h.Label.FontSize = 12; 
h.Color = 'k'; 
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Acetylene grid search MATLAB code  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%% Acetylene grid search for boreal vs. non-boreal emissions%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
close all 
clear all 
  
%set up range of emissions 
burn = [0:0.05:5]; %nonboreal 
bor = [0:0.05:5]; %boreal 
bio = 0.5; 
  
chi_ts1_true = NaN(length(burn), length(bor));  
chi_ts2_true = NaN(length(burn), length(bor));  
  
%%%%%%%%%%%%%%%% BOREAL VS NONBOREAL%%%%%%%%%%%%%55 
%%%%%%%%%%% UPDATED WITH NEW BOREAL, NONBOREAL SENSITIVITIES UCI-CTM 
1/28/2019 
for i = 1:length(burn) 
     for j = 1:length(bor) 
acet_grn(i,j) = 106.8.*bor(j) + 3.8.*burn(i)+ 37.7*bio; 
acet_ant(i,j) = 0.05.*bor(j) + 6.8.*burn(i)+ 3.1*bio;  
    end 
end 
  
%%%%%%%%%%%%UPDATED WITH NEW MEANS 11/20/18 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%5 
ant_ts1 = 31.2; 
ant_ts2 = 16.9; 
grn_ts1 = 90.3;   
grn_ts2 = 80.1;  
  
for i = 1:length(burn) 
    for j=1:length(bor) 
         
        chi_ant_ts1(i,j) =  abs((acet_ant(i,j) - ant_ts1))./ant_ts1;  
        chi_grn_ts1(i,j) = abs((acet_grn(i,j) - grn_ts1))./grn_ts1; 
         
        chi_ant_ts2(i,j) = abs((acet_ant(i,j) - ant_ts2))./ant_ts2;  
        chi_grn_ts2(i,j) = abs((acet_grn(i,j) - grn_ts2))./grn_ts2;         
    end 
end 
  
for i = 1:length(burn) 
   for  j = 1:length(bor) 
    if chi_ant_ts1(i,j) <= 0.10 && chi_grn_ts1(i,j) <=0.10 
        chi_ts1_true(i,j) = 1;  
    end 
        if chi_ant_ts2(i,j) <= 0.10 && chi_grn_ts2(i,j) <=0.10 
            chi_ts2_true(i,j) = 1;  
        end 
        end  
end 
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chi_ts1_true(isnan(chi_ts1_true))=0; 
chi_ts2_true(isnan(chi_ts2_true))=0; 
  
[vx, vy] = meshgrid(burn,bor);  
  
valid_ts1 = zeros(2,2);  
    temp = chi_ts1_true(:,:);  
    temp2 = temp(:); 
    vrows = find(temp2==1); 
    vburn =vx(vrows); 
    vrest = vy(vrows); 
    valid_ts1(1,1) = mean(vburn);  
    valid_ts1(2,1) = std(vburn);  
    valid_ts1(1,2) = mean(vrest);  
    valid_ts1(2,2) = std(vrest);      
  
valid_ts2 = zeros(2,2);  
    temp = chi_ts2_true(:,:);  
    temp2 = temp(:); 
    vrows = find(temp2==1); 
    vburn =vx(vrows); 
    vrest = vy(vrows); 
    valid_ts2(1,1) = mean(vburn);  
    valid_ts2(2,1) = std(vburn);  
    valid_ts2(1,2) = mean(vrest);  
    valid_ts2(2,2) = std(vrest);      
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APPENDIX B  
 
Ice core data 
Table A.1: Ethane wet extraction results (in ppt) measured in the WDC05A, WDC06A, 
SPC14, GISP2B, and GISP2D ice cores. These data are not corrected for solubility depletion. 
All data were analyzed with procedure 4.  
Ice core  Top 
depth (m) 
Bottom 
depth (m) 
Gas Age 
(CE) 
Ethane 
(ppt) 
Ethane 
error  
(ppt, 1σ) 
CFC-12 
(ppt) 
SPC14 130.60 130.80 1823 69.0 8.4 0.1 
SPC14 134.10 134.30 1776 89.0 4.0 0.1 
SPC14 138.60 138.80 1726 103.2 4.5 0.0 
SPC14 146.30 146.50 1640 81.3 8.9 0.0 
SPC14 149.80 149.90 1584 104.5 4.0 0.0 
SPC14 154.30 154.50 1512 134.8 4.4 0.0 
SPC14 158.10 158.30 1458 150.2 5.2 0.0 
SPC14 166.10 166.30 1350 114.1 7.8 0.1 
SPC14 170.60 170.80 1287 149.6 5.0 0.0 
SPC14 174.80 175.00 1227 133.8 6.9 0.1 
SPC14 178.30 178.50 1178 136.1 3.5 0.0 
SPC14 182.80 183.00 1119 142.3 6.6 0.0 
SPC14 186.60 186.80 1077 124.5 3.4 0.0 
SPC14 190.00 190.20 1037 121.3 3.2 0.0 
SPC14 194.77 194.97 974 147.1 6.8 0.0 
SPC14 198.30 198.50 926 135.5 3.6 0.0 
SPC14 202.30 202.50 872 100.4 3.1 0.1 
SPC14 206.10 206.30 823 101.4 6.7 0.0 
SPC14 210.50 210.70 764 107.2 3.0 0.0 
SPC14 214.10 214.30 713 133.0 3.1 0.0 
SPC14 218.30 218.50 645 112.0 3.0 0.1 
SPC14 222.80 223.00 581 155.3 3.5 0.0 
SPC14 226.30 226.50 544 109.3 3.3 0.0 
SPC14 230.80 231.00 491 128.1 3.7 0.0 
SPC14 234.50 234.70 445 107.0 9.2 0.0 
SPC14 238.10 238.30 398 124.2 3.5 0.1 
SPC14 242.30 242.50 345 131.6 4.2 0.0 
SPC14 246.30 246.50 294 102.1 3.1 0.0 
SPC14 250.30 250.50 243 132.4 3.7 0.1 
SPC14 254.10 254.30 193 117.1 3.6 0.0 
SPC14 258.50 258.70 135 114.1 8.1 0.0 
SPC14 262.10 262.30 87 114.5 3.3 0.0 
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SPC14 270.30 270.50 -23 113.4 7.2 0.0 
SPC14 274.30 274.50 -90 100.2 6.6 0.0 
WDC06A 116.80 117.00 1781 86.0 12.6 0.0 
WDC06A 126.15 126.30 1742 75.7 5.5 0.1 
WDC06A 129.20 129.40 1728 95.2 13.5 0.0 
WDC06A 131.24 131.39 1719 95.9 5.4 0.1 
WDC06A 136.00 136.15 1698 59.0 5.7 0.0 
WDC06A 136.15 136.30 1697 81.3 5.2 0.1 
WDC06A 141.24 141.39 1675 80.0 6.3 0.0 
WDC06A 141.24 141.39 1675 65.2 5.6 0.0 
WDC06A 143.20 143.40 1666 94.6 12.1 0.0 
WDC06A 145.24 145.39 145 106.4 5.7 0.4 
WDC06A 151.24 151.39 1630 96.0 5.5 0.0 
WDC06A 151.39 151.54 1630 81.1 7.1 0.1 
WDC06A 156.10 156.30 1611 77.1 10.2 0.0 
WDC06A 160.80 161.00 1589 108.4 12.5 0.1 
WDC06A 174.40 174.60 1529 117.7 10.5 1.0 
WDC06A 196.20 196.30 1435 124.6 11.7 0.0 
WDC06A 204.20 204.30 1401 123.7 6.7 0.0 
WDC06A 218.00 218.20 1341 122.3 11.1 0.0 
WDC06A 225.20 225.40 1310 128.5 8.0 0.0 
WDC06A 232.00 232.20 1280 102.5 13.1 0.0 
WDC06A 239.80 240.00 1249 109.5 8.4 0.0 
WDC06A 246.80 247.00 1219 114.1 10.8 0.0 
WDC06A 253.80 254.00 1190 126.2 7.5 0.0 
WDC06A 261.30 261.50 1159 109.5 12.9 0.0 
WDC06A 283.20 283.40 1070 148.4 8.1 0.0 
WDC06A 290.40 290.50 1039 131.6 9.4 0.0 
WDC06A 297.80 298.00 1007 93.3 11.2 0.0 
WDC06A 304.00 304.20 908 123.5 10.9 0.0 
WDC06A 311.20 311.40 950 130.8 16.6 0.0 
WDC06A 326.80 327.00 887 84.7 12.0 0.0 
WDC06A 333.80 334.00 858 102.9 11.3 0.0 
WDC06A 340.80 341.00 829 84.7 14.6 0.0 
WDC06A 369.20 369.40 710 110.6 10.2 -1.1 
WDC06A 376.00 376.20 681 126.2 12.4 0.0 
WDC06A 390.10 390.30 621 105.1 11.7 0.0 
WDC06A 404.70 404.80 559 82.7 10.7 0.0 
WDC06A 424.50 424.60 471 97.6 12.2 0.1 
WDC06A 431.40 431.60 439 145.0 11.0 0.0 
WDC06A 438.80 439.00 409 140.8 13.0 0.0 
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WDC06A 445.40 445.50 380 89.5 12.2 0.0 
WDC06A 452.80 453.00 347 123.4 11.2 0.0 
WDC06A 480.10 480.30 229 110.7 7.9 0.1 
WDC06A 493.40 493.50 170 94.6 7.5 0.1 
WDC06A 507.40 507.60 110 99.7 8.5 0.0 
WDC06A 521.70 521.90 47 91.0 6.8 0.1 
WDC06A 534.40 534.60 -10 119.5 7.5 0.0 
WDC06A 549.80 550.00 -73 95.9 9.0 -0.1 
WDC06A 570.10 570.30 -159 106.0 8.4 0.0 
WDC06A 584.80 584.90 -221 101.1 7.2 0.1 
WDC06A 603.60 603.80 -303 121.8 8.6 0.0 
WDC05A 83.13 83.28 1926 105.8 17.7 0.1 
WDC05A 83.28 83.43 1925 97.8 19.2 0.5 
WDC05A 84.79 84.88 1919 85.6 23.3 0.3 
WDC05A 91.78 91.93 1887 85.7 14.7 0.2 
WDC05A 91.93 92.08 1887 67.3 16.9 0.3 
WDC05A 95.53 95.68 1871 50.2 16.0 0.1 
WDC05A 95.53 95.68 1871 61.4 17.2 0.1 
WDC05A 98.72 98.87 1859 68.9 16.8 0.1 
WDC05A 98.72 98.87 1859 69.3 14.6 0.0 
WDC05A 107.89 108.04 1820 63.8 14.2 0.1 
WDC05A 116.45 116.60 1782 94.2 6.8 0.1 
WDC05A 139.43 139.58 1684 81.9 6.5 0.0 
WDC05A 167.54 167.69 1561 75.1 21.1 0.1 
WDC05A 179.24 179.36 1509 87.2 16.7 0.0 
WDC05A 190.86 191.01 1456 110.4 6.4 0.0 
WDC05A 191.01 191.16 1455 118.5 7.9 0.0 
WDC05A 199.56 199.71 1418 97.9 16.5 0.1 
WDC05A 236.16 236.34 1256 106.3 8.4 0.1 
WDC05A 255.85 255.99 1175 87.7 11.6 0.0 
WDC05A 297.90 298.06 994 79.8 20.1 0.1 
GISP2D 95.50 95.60 1892 1082.5 10.6 0.1 
GISP2D 104.10 104.20 1858 568.1 10.5 0.0 
GISP2D 111.00 111.20 1832 547.3 8.7 0.1 
GISP2D 132.00 132.10 1745 447.6 9.9 0.0 
GISP2D 154.30 154.40 1650 579.0 9.9 0.0 
GISP2D 161.10 161.20 1621 512.2 7.4 0.1 
GISP2D 166.10 166.20 1600 514.2 19.2 0.2 
GISP2D 173.70 173.80 1569 503.9 8.4 0.1 
GISP2D 187.00 187.20 1512 501.2 7.3 0.0 
GISP2D 193.60 193.70 1484 524.1 8.2 0.0 
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GISP2D 201.10 201.20 1450 527.4 7.8 0.0 
GISP2D 214.90 215.00 1386 513.3 8.0 0.0 
GISP2D 220.90 221.00 1358 482.5 10.9 0.0 
GISP2D 225.28 225.39 1340 527.1 11.8 0.0 
GISP2D 239.90 240.00 1277 522.7 6.9 0.0 
GISP2D 247.40 247.60 1244 502.7 10.0 0.0 
GISP2D 251.80 251.90 1225 427.9 11.9 0.1 
GISP2D 268.50 268.60 1153 498.5 8.1 0.0 
GISP2D 274.26 274.37 1129 560.6 9.1 0.1 
GISP2D 294.90 295.00 1038 549.8 9.2 0.0 
GISP2D 301.20 301.30 1012 564.9 7.6 0.1 
GISP2D 307.79 307.90 983 501.8 10.0 0.0 
GISP2D 321.80 321.90 922 486.6 8.0 0.1 
GISP2D 335.90 336.00 859 495.4 9.6 0.1 
GISP2D 340.60 340.70 839 529.3 21.4 0.1 
GISP2D 345.50 345.70 814 448.5 8.1 0.0 
GISP2D 360.00 360.10 742 667.1 13.3 -0.1 
GISP2D 360.10 360.20 742 559.2 8.9 0.0 
GISP2D 364.80 364.90 719 475.1 10.5 0.1 
GISP2D 373.80 373.90 675 544.1 10.9 0.3 
GISP2D 381.90 382.00 636 565.2 8.9 1.0 
GISP2D 386.80 386.90 613 535.5 9.2 0.0 
GISP2D 392.20 392.30 586 470.2 28.9 0.2 
GISP2D 399.80 399.90 549 397.8 8.2 0.0 
GISP2D 417.80 418.00 459 487.1 9.2 0.0 
GISP2D 423.00 423.10 433 489.6 13.2 0.0 
GISP2D 429.90 430.00 398 430.8 9.1 0.0 
GISP2D 434.90 435.00 370 549.0 8.4 0.0 
GISP2D 439.89 440.00 345 412.9 9.3 0.0 
GISP2D 456.94 457.05 262 607.6 13.0 0.5 
GISP2D 472.00 472.10 190 492.2 8.8 0.0 
GISP2D 484.00 484.10 130 413.3 9.9 0.0 
GISP2D 484.10 484.20 130 459.3 9.9 0.1 
GISP2D 494.20 494.30 78 651.8 9.0 0.0 
GISP2D 511.80 511.90 -14 543.2 7.8 0.0 
GISP2D 523.20 523.30 -71 760.8 9.1 0.0 
GISP2D 530.50 530.60 -108 570.6 14.5 0.2 
GISP2D 534.90 535.00 -131 558.8 9.6 -0.1 
GISP2D 545.50 545.60 -184 440.1 7.7 0.0 
GISP2D 574.20 574.30 -335 526.1 8.2 0.0 
GISP2D 580.90 581.00 -371 673.8 30.9 0.1 
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GISP2D 605.46 605.57 -504 483.7 17.0 0.0 
GISP2D 630.25 630.35 -641 569.5 29.3 0.1 
GISP2D 655.69 655.80 -777 428.5 17.3 0.0 
GISP2D 680.44 680.55 -912 435.8 30.4 0.1 
GISP2D 705.69 705.79 -1060 643.0 16.9 0.0 
GISP2B 87.55 87.67 1918 1014.9 13.7 33.1 
GISP2B 102.00 102.11 1862 606.1 11.0 0.0 
GISP2B 116.01 116.13 1807 463.7 9.1 0.0 
GISP2B 131.85 132.00 1741 443.4 7.3 0.0 
GISP2B 162.74 162.86 1610 459.9 9.4 0.9 
GISP2B 178.58 178.73 1543 561.9 8.8 0.1 
GISP2B 194.00 194.16 1477 525.2 6.9 0.0 
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Table A.2: Wet extraction ethane results from procedure 4 excluded from analysis and 
interpretation.  
Ice core  Top 
depth (m) 
Bottom 
depth (m) 
Gas Age 
(CE) 
Ethane 
(ppt) 
Ethane 
error  
(ppt, 1σ) 
CFC-12 
(ppt) 
GISP2D 118.50 118.60 1802 681.2 11.6 38.2 
GISP2D 126.80 127.00 1768 649.8 8.8 0.0 
GISP2D 138.90 139.00 1717 399.1 24.8 -0.1 
GISP2D 174.37 174.48 1566 524.3 14.0 2.9 
GISP2D 208.00 208.20 1418 428.1 26.9 0.3 
GISP2D 232.40 232.50 1310 960.1 12.2 0.1 
GISP2D 241.64 241.75 1268 661.7 8.7 0.2 
GISP2D 280.90 281.00 1099 1775.7 13.2 0.1 
GISP2D 287.90 288.00 1068 840.8 11.4 -0.1 
GISP2D 290.00 290.10 1059 485.9 12.3 2.7 
GISP2D 324.40 324.51 910 476.8 13.2 7.2 
GISP2D 369.90 370.00 693 636.0 9.5 0.1 
GISP2D 406.00 406.10 519 645.0 8.0 -1.4 
GISP2D 406.30 406.40 517 1017.0 21.1 -0.3 
GISP2D 411.10 411.20 492 816.8 8.8 0.1 
GISP2D 429.80 429.90 399 642.5 10.9 0.0 
GISP2D 463.90 464.00 230 460.9 8.2 17.6 
GISP2D 479.50 479.60 154 466.1 7.5 0.3 
GISP2D 489.89 490.00 99 631.4 25.5 0.1 
GISP2D 505.30 505.40 20 464.5 14.6 0.0 
GISP2D 554.30 554.40 -230 1512.4 13.7 0.0 
GISP2D 556.50 556.60 -241 2051.8 12.7 0.0 
GISP2D 564.50 564.60 -283 900.6 10.1 0.0 
GISP2D 730.30 730.40 -1206 705.2 25.7 0.2 
SPC14 142.80 143.00 1665 157.8 8.2 0.0 
SPC14 162.48 162.68 1414 275.8 7.6 0.1 
SPC14 294.30 294.50 -387 191.4 7.1 0.0 
WDC06A 354.80 355.00 769 182.9 10.1 0.0 
WDC06A 466.70 466.90 287 196.0 8.4 -0.1 
WDC05A 90.97 91.09 1891 133.6 8.1 34.9 
WDC05A 91.09 91.21 1891 105.7 20.8 0.0 
WDC05A 116.45 116.60 1782 132.5 7.5 0.6 
WDC05A 129.44 129.59 1714 105.5 11.9 0.1 
WDC05A 129.80 129.91 1726 351.2 10.5 0.1 
WDC05A 131.90 132.05 1670 107.0 12.1 0.1 
WDC05A 131.90 132.05 1544 184.8 11.6 0.0 
WDC05A 139.43 139.57 1684 73.5 13.0 0.0 
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WDC05A 142.92 143.07 1714 83.4 11.3 0.1 
WDC05A 171.38 171.58 1643 115.4 6.3 0.1 
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Table A.3: Acetylene wet extraction results (in ppt) measured in the WDC05A, WDC06A, 
SPC14, GISP2B, and GISP2D ice cores. These data are not corrected for solubility depletion. 
All data were analyzed with procedure 4. 
Ice core  Top 
depth (m) 
Bottom 
depth (m) 
Gas Age 
(CE) 
Acetylene 
(ppt) 
Acetylene 
error 
(ppt, 1σ) 
CFC-12 
(ppt) 
SPC14 130.60 130.80 1823 11.9 5.4 0.1 
SPC14 134.10 134.30 1776 10.7 4.0 0.1 
SPC14 138.60 138.80 1726 10.4 4.3 0.0 
SPC14 142.80 143.00 1685 11.7 6.2 0.0 
SPC14 146.30 146.50 1640 19.9 6.5 0.0 
SPC14 149.80 149.90 1584 23.2 4.4 0.0 
SPC14 154.30 154.50 1512 19.8 4.2 0.0 
SPC14 158.10 158.30 1458 29.6 5.7 0.0 
SPC14 162.48 162.68 1399 28.1 7.0 0.1 
SPC14 166.10 166.30 1350 32.3 6.2 0.1 
SPC14 170.60 170.80 1287 39.5 5.5 0.0 
SPC14 174.80 175.00 1227 31.5 5.6 0.1 
SPC14 178.30 178.50 1178 29.0 6.2 0.0 
SPC14 182.80 183.00 1119 29.3 6.3 0.0 
SPC14 186.60 186.80 1077 30.1 4.6 0.0 
SPC14 190.00 190.20 1037 31.9 4.3 0.0 
SPC14 194.77 194.97 974 29.0 6.5 0.0 
SPC14 198.30 198.50 926 29.8 6.1 0.0 
SPC14 202.30 202.50 872 30.1 4.6 0.1 
SPC14 206.10 206.30 823 29.0 5.4 0.0 
SPC14 210.50 210.70 764 27.5 5.4 0.0 
SPC14 214.10 214.30 713 31.3 5.1 0.0 
SPC14 218.30 218.50 645 27.7 4.1 0.1 
SPC14 222.80 223.00 581 27.1 5.8 0.0 
SPC14 226.30 226.50 544 29.6 4.7 0.0 
SPC14 230.80 231.00 491 27.6 5.1 0.0 
SPC14 234.50 234.70 445 27.8 7.0 0.0 
SPC14 238.10 238.30 398 28.0 4.8 0.1 
SPC14 242.30 242.50 345 26.6 8.1 0.0 
SPC14 246.30 246.50 294 32.0 4.6 0.0 
SPC14 250.30 250.50 243 28.5 4.9 0.1 
SPC14 254.10 254.30 193 30.6 7.0 0.0 
SPC14 258.50 258.70 135 27.5 6.3 0.0 
SPC14 262.10 262.30 87 28.7 4.6 0.0 
SPC14 270.30 270.50 -23 28.8 5.8 0.0 
SPC14 274.30 274.50 -90 23.8 5.2 0.0 
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SPC14 294.30 294.50 -391 27.9 5.6 0.0 
WDC06A 116.80 117.00 1781 17.9 4.6 0.0 
WDC06A 126.15 126.30 1742 13.7 4.6 0.1 
WDC06A 129.20 129.40 1728 12.2 4.4 0.0 
WDC06A 131.24 131.39 1719 10.7 4.4 0.1 
WDC06A 136.00 136.15 1698 15.5 4.8 0.0 
WDC06A 136.15 136.30 1697 10.9 4.3 0.1 
WDC06A 141.24 141.39 1675 27.4 5.3 0.0 
WDC06A 141.24 141.39 1675 18.2 5.6 0.0 
WDC06A 143.20 143.40 1666 17.8 4.5 0.0 
WDC06A 145.24 145.39 145 25.8 4.7 0.4 
WDC06A 151.24 151.39 1630 24.8 4.6 0.0 
WDC06A 151.39 151.54 1630 29.1 6.1 0.1 
WDC06A 156.10 156.30 1611 25.5 4.1 0.0 
WDC06A 160.80 161.00 1589 23.7 4.8 0.1 
WDC06A 174.40 174.60 1529 28.5 4.2 1.0 
WDC06A 196.20 196.30 1435 29.0 4.7 0.0 
WDC06A 204.20 204.30 1401 28.3 6.4 0.0 
WDC06A 218.00 218.20 1341 31.9 4.5 0.0 
WDC06A 225.20 225.40 1310 22.0 6.1 0.0 
WDC06A 232.00 232.20 1280 44.4 5.3 0.0 
WDC06A 239.80 240.00 1249 25.9 6.5 0.0 
WDC06A 246.80 247.00 1219 34.4 4.4 0.0 
WDC06A 253.80 254.00 1190 25.3 6.0 0.0 
WDC06A 261.30 261.50 1159 38.4 5.2 0.0 
WDC06A 283.20 283.40 1070 31.1 6.6 0.0 
WDC06A 290.40 290.50 1039 33.0 3.8 0.0 
WDC06A 297.80 298.00 1007 28.3 4.5 0.0 
WDC06A 304.00 304.20 908 33.0 4.4 0.0 
WDC06A 311.20 311.40 950 32.4 6.5 0.0 
WDC06A 326.80 327.00 887 31.9 4.8 0.0 
WDC06A 333.80 334.00 858 39.5 4.6 0.0 
WDC06A 340.80 341.00 829 32.4 5.8 0.0 
WDC06A 354.80 355.00 769 34.0 4.1 0.0 
WDC06A 369.20 369.40 710 30.2 4.1 -1.1 
WDC06A 376.00 376.20 681 33.4 5.0 0.0 
WDC06A 390.10 390.30 621 31.4 4.7 0.0 
WDC06A 404.70 404.80 559 33.5 4.4 0.0 
WDC06A 424.50 424.60 471 31.7 4.9 0.1 
WDC06A 431.40 431.60 439 33.0 4.5 0.0 
WDC06A 438.80 439.00 409 37.3 5.3 0.0 
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WDC06A 445.40 445.50 380 29.7 4.9 0.0 
WDC06A 452.80 453.00 347 35.5 4.6 0.0 
WDC06A 466.70 466.90 287 25.3 6.4 -0.1 
WDC06A 480.10 480.30 229 24.0 6.1 0.1 
WDC06A 493.40 493.50 170 26.8 5.9 0.1 
WDC06A 507.40 507.60 110 25.2 6.5 0.0 
WDC06A 521.70 521.90 47 20.6 5.2 0.1 
WDC06A 534.40 534.60 -10 24.2 5.8 0.0 
WDC06A 549.80 550.00 -73 25.9 6.9 -0.1 
WDC06A 570.10 570.30 -159 21.3 6.3 0.0 
WDC06A 584.80 584.90 -221 23.4 5.6 0.1 
WDC06A 603.60 603.80 -303 23.7 6.5 0.0 
WDC05A 83.13 83.28 1926 13.8 8.0 0.1 
WDC05A 83.28 83.43 1925 21.1 9.0 0.5 
WDC05A 84.79 84.88 1919 15.6 10.3 0.3 
WDC05A 91.09 91.21 1891 17.6 9.5 0.0 
WDC05A 91.93 92.08 1887 11.8 7.5 0.3 
WDC05A 95.53 95.68 1871 18.8 7.6 0.1 
WDC05A 95.53 95.68 1871 15.0 7.9 0.1 
WDC05A 98.72 98.87 1859 15.2 7.7 0.1 
WDC05A 98.72 98.87 1859 13.1 6.7 0.0 
WDC05A 116.45 116.60 1782 16.6 5.6 0.1 
WDC05A 139.43 139.58 1684 15.2 5.4 0.0 
WDC05A 167.54 167.69 1561 36.2 10.2 0.1 
WDC05A 179.24 179.36 1509 31.3 8.1 0.0 
WDC05A 190.86 191.01 1456 27.0 5.3 0.0 
WDC05A 191.01 191.16 1455 25.5 6.6 0.0 
WDC05A 199.56 199.71 1418 38.1 8.1 0.1 
WDC05A 236.16 236.34 1256 34.2 7.1 0.1 
WDC05A 255.85 255.99 1175 28.6 9.9 0.0 
WDC05A 297.90 298.06 994 37.3 9.8 0.1 
GISP2D 730.30 730.40 -1206 79.2 9.9 0.2 
GISP2D 705.69 705.79 -1060 80.7 6.2 0.0 
GISP2D 680.44 680.55 -912 96.3 12.2 0.1 
GISP2D 655.69 655.80 -777 82.3 6.8 0.0 
GISP2D 630.25 630.35 -641 90.4 11.6 0.1 
GISP2D 605.46 605.57 -504 83.0 6.6 0.0 
GISP2D 580.90 581.00 -371 85.1 12.1 0.1 
GISP2D 574.20 574.30 -335 74.2 6.7 0.0 
GISP2D 564.50 564.60 -283 82.8 7.8 0.0 
GISP2D 556.50 556.60 -241 89.0 6.6 0.0 
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GISP2D 554.30 554.40 -230 87.9 7.8 0.0 
GISP2D 545.50 545.60 -184 75.0 6.3 0.0 
GISP2D 534.90 535.00 -131 88.8 7.8 -0.1 
GISP2D 530.50 530.60 -108 80.3 11.6 0.2 
GISP2D 523.20 523.30 -71 65.8 7.1 0.0 
GISP2D 505.30 505.40 20 69.5 6.2 0.0 
GISP2D 494.20 494.30 78 82.1 7.2 0.0 
GISP2D 489.89 490.00 99 76.9 9.9 0.1 
GISP2D 484.10 484.20 130 80.7 8.1 0.1 
GISP2D 484.00 484.10 130 75.5 8.1 0.0 
GISP2D 479.50 479.60 154 73.9 6.1 0.3 
GISP2D 472.00 472.10 190 86.3 6.7 0.0 
GISP2D 456.94 457.05 262 94.2 10.2 0.5 
GISP2D 439.89 440.00 345 77.8 7.3 0.0 
GISP2D 434.90 435.00 370 85.3 7.2 0.0 
GISP2D 429.90 430.00 398 87.4 7.6 0.0 
GISP2D 429.80 429.90 399 83.4 12.2 0.0 
GISP2D 423.00 423.10 433 84.0 10.6 0.0 
GISP2D 417.80 418.00 459 82.1 8.0 0.0 
GISP2D 411.10 411.20 492 85.8 7.2 0.1 
GISP2D 406.30 406.40 517 95.7 8.7 -0.3 
GISP2D 406.00 406.10 519 73.4 8.8 -1.4 
GISP2D 399.80 399.90 549 75.6 7.1 0.0 
GISP2D 392.20 392.30 586 67.6 12.6 0.2 
GISP2D 386.80 386.90 613 89.8 8.0 0.0 
GISP2D 381.90 382.00 636 83.2 7.6 1.0 
GISP2D 373.80 373.90 675 89.6 8.5 0.3 
GISP2D 364.80 364.90 719 77.8 8.6 0.1 
GISP2D 360.10 360.20 742 94.7 7.7 0.0 
GISP2D 360.00 360.10 742 90.2 10.5 -0.1 
GISP2D 345.50 345.70 814 65.1 7.0 0.0 
GISP2D 340.60 340.70 839 83.3 9.2 0.1 
GISP2D 335.90 336.00 859 87.8 7.9 0.1 
GISP2D 321.80 321.90 922 98.2 7.0 0.1 
GISP2D 307.79 307.90 983 89.8 7.7 0.0 
GISP2D 301.20 301.30 1012 89.6 7.6 0.1 
GISP2D 294.90 295.00 1038 90.6 8.0 0.0 
GISP2D 280.90 281.00 1099 98.8 10.6 0.1 
GISP2D 274.26 274.37 1129 98.0 6.8 0.1 
GISP2D 268.50 268.60 1153 90.5 8.3 0.0 
GISP2D 251.80 251.90 1225 88.5 9.9 0.1 
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GISP2D 247.40 247.60 1244 94.7 10.3 0.0 
GISP2D 239.90 240.00 1277 86.4 6.9 0.0 
GISP2D 232.40 232.50 1310 105.2 10.2 0.1 
GISP2D 225.28 225.39 1340 92.5 9.3 0.0 
GISP2D 220.90 221.00 1358 85.7 9.5 0.0 
GISP2D 208.00 208.20 1418 72.6 11.7 0.3 
GISP2D 201.10 201.20 1450 79.7 7.9 0.0 
GISP2D 193.60 193.70 1484 97.0 7.2 0.0 
GISP2D 187.00 187.20 1512 86.3 7.4 0.0 
GISP2D 180.60 180.70 1540 97.6 6.5 0.3 
GISP2D 173.70 173.80 1569 81.5 7.2 0.1 
GISP2D 166.10 166.20 1600 77.6 8.2 0.2 
GISP2D 161.10 161.20 1621 82.1 7.5 0.1 
GISP2D 154.30 154.40 1650 80.1 8.5 0.0 
GISP2D 138.90 139.00 1717 75.4 10.8 -0.1 
GISP2D 132.00 132.10 1745 92.9 7.7 0.0 
GISP2D 126.80 127.00 1768 96.3 8.8 0.0 
GISP2D 111.00 111.20 1832 97.2 7.5 0.1 
GISP2D 104.10 104.20 1858 116.8 8.0 0.0 
GISP2D 95.50 95.60 1892 153.1 10.1 0.1 
GISP2B 87.55 87.67 1918 211.4 10.4 33.1 
GISP2B 102.00 102.11 1862 111.0 8.8 0.0 
GISP2B 116.01 116.13 1807 99.7 7.5 0.0 
GISP2B 131.85 132.00 1741 74.5 5.4 0.0 
GISP2B 162.74 162.86 1610 95.8 8.3 0.9 
GISP2B 178.58 178.73 1543 86.0 6.7 0.1 
GISP2B 194.00 194.16 1477 84.6 4.9 0.0 
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Table A.4: Wet extraction acetylene results from procedure 4 excluded from analysis and 
interpretation. 
Ice core  Top 
depth (m) 
Bottom 
depth (m) 
Gas Age 
(CE) 
Acetylene 
(ppt) 
Acetylene 
error  
(ppt, 1σ) 
CFC-12 
(ppt) 
GISP2D 118.50 118.60 1802 96.3 11.7 38.2 
GISP2D 174.37 174.48 1566 97.3 11.3 2.9 
GISP2D 241.64 241.75 1268 100.3 6.1 0.2 
GISP2D 287.90 288.00 1068 122.0 11.4 -0.1 
GISP2D 290.00 290.10 1059 95.0 9.8 2.7 
GISP2D 324.40 324.51 910 239.7 10.1 7.2 
GISP2D 369.90 370.00 693 109.4 10.8 0.1 
GISP2D 463.90 464.00 230 85.1 6.7 17.6 
WDC05A 90.97 91.09 1891 18.9 6.7 34.9 
WDC05A 91.775 91.925 1887 43.3 7.2 0.2 
WDC05A 107.89 108.04 1820 37.6 7.0 0.1 
WDC05A 116.45 116.6 1782 49.5 6.2 0.6 
WDC05A 129.44 129.59 1714 25.7 12.3 0.1 
WDC05A 129.8 129.91 1726 49.8 12.6 0.1 
WDC05A 131.9 132.05 1670 6.8 12.8 0.1 
WDC05A 131.9 132.05 1544 2.9 13.2 0.0 
WDC05A 139.425 139.572 1684 97.4 12.8 0.0 
WDC05A 142.915 143.065 1714 108.1 11.3 0.1 
WDC05A 171.375 171.575 1643 63.9 5.2 0.1 
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APPENDIX C 
 
 UCI-CTM lifetime versus sensitivity simulations  
Table A.5: Ethane UCI-CTM sensitivities for the global GFED3 biomass burning footprint (van der 
Werf., 2010)  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.44 0.41 43.93 31.44 
6.525 x 10-12 2.29 0.44 41.38 28.98 
6.960 x 10-12 2.16 0.46 39.13 26.83 
7.308 x 10-12 2.06 0.49 37.50 25.30 
8.700 x 10-12 1.75 0.57 32.18 20.41 
1.740 x 10-11 0.90 1.11 17.28 8.25 
 
Table A.6: Ethane UCI-CTM sensitivities for the tropical biomass burning footprint (30°N- 30°S). 
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.41 0.41 20.32 34.38 
6.525 x 10-12 2.26 0.44 18.50 31.72 
6.960 x 10-12 2.13 0.47 16.903 29.38 
7.308 x 10-12 2.03 0.49 15.82 27.70 
8.700 x 10-12 1.73 0.58 12.33 22.36 
1.740 x 10-11 0.89 1.13 4.19 8.96 
 
Table A.7: Ethane UCI-CTM sensitivities for the boreal biomass burning footprint (>50°N). 
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.65 0.38 222.21 5.29 
6.525 x 10-12 2.49 0.40 214.29 4.44 
6.960 x 10-12 2.35 0.43 207.00 3.75 
7.308 x 10-12 2.24 0.45 201.55 3.29 
8.700 x 10-12 1.91 0.52 182.65 2.02 
1.740 x 10-11 1.00 1.00 117.22 0.20 
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Table A.8: Ethane UCI-CTM sensitivities for the non-boreal biomass burning footprint (50°N-90°S). 
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.42 0.41 23.42 34.44 
6.525 x 10-12 2.27 0.44 21.50 31.81 
6.960 x 10-12 2.13 0.47 19.82 29.49 
7.308 x 10-12 2.04 0.49 18.63 27.83 
8.700 x 10-12 1.73 0.58 14.88 22.52 
1.740 x 10-11 0.89 1.13 5.79 9.18 
 
Table A.9: Ethane UCI-CTM sensitivities for the Australian biomass burning footprint.  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.49 0.40 12.93 53.46 
6.525 x 10-12 2.34 0.43 11.49 50.01 
6.960 x 10-12 2.20 0.45 10.27 46.95 
7.308 x 10-12 2.10 0.48 9.41 44.73 
8.700 x 10-12 1.78 0.56 6.82 37.51 
1.740 x 10-11 0.91 1.10 1.43 17.60 
 
Table A.10: Ethane UCI-CTM sensitivities for the southern hemisphere Africa biomass burning 
footprint.  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.32 0.43 14.44 35.84 
6.525 x 10-12 2.16 0.46 12.79 33.05 
6.960 x 10-12 2.03 0.49 11.38 30.61 
7.308 x 10-12 1.93 0.52 10.39 28.86 
8.700 x 10-12 1.62 0.62 7.36 23.29 
1.740 x 10-11 0.78 1.28 1.28 9.26 
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Table A.11: Ethane UCI-CTM sensitivities for the southern hemisphere South America biomass 
burning footprint.  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.64 0.38 11.38 64.42 
6.525 x 10-12 2.49 0.40 10.14 60.69 
6.960 x 10-12 2.35 0.43 9.09 57.35 
7.308 x 10-12 2.26 0.44 8.35 54.93 
8.700 x 10-12 1.94 0.51 6.08 46.95 
1.740 x 10-11 1.07 0.93 1.33 24.06 
 
Table A.12: Ethane UCI-CTM sensitivities for the Southern Hemisphere biomass burning footprint.  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.45 0.41 15.50 43.76 
6.525 x 10-12 2.30 0.44 12.96 40.71 
6.960 x 10-12 2.16 0.46 11.64 38.02 
7.308 x 10-12 2.07 0.48 10.71 36.09 
8.700 x 10-12 1.76 0.57 7.84 29.85 
1.740 x 10-11 0.91 1.10 1.71 13.38 
 
Table A.13: Ethane UCI-CTM sensitivities for the Southern Hemisphere to 5°N biomass burning 
footprint. (5°N to 90°S) 
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.45 0.41 15.14 41.79 
6.525 x 10-12 2.30 0.44 13.57 38.82 
6.960 x 10-12 2.16 0.46 12.22 36.19 
7.308 x 10-12 2.07 0.48 11.27 34.31 
8.700 x 10-12 1.79 0.57 8.34 28.23 
1.740 x 10-11 0.91 1.10 2.01 12.34 
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Table A.14: Ethane UCI-CTM sensitivities for the fossil fuel footprint (Lamarque et al., 2010).  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.51 0.40 77.61 15.66 
6.525 x 10-12 2.36 0.42 73.91 14.16 
6.960 x 10-12 2.23 0.45 70.59 12.86 
7.308 x 10-12 2.14 0.47 68.18 11.96 
8.700 x 10-12 1.89 0.55 60.18 9.18 
1.740 x 10-11 0.99 1.01 36.47 3.15 
 
Table A.15: Ethane UCI-CTM sensitivities for the biofuel footprint. (Yevich and Logan, 2003).  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.57 0.39 82.79 18.49 
6.525 x 10-12 2.42 0.41 79.10 16.86 
6.960 x 10-12 2.29 0.44 75.79 15.46 
7.308 x 10-12 2.19 0.46 73.38 14.47 
8.700 x 10-12 1.88 0.53 65.37 11.39 
1.740 x 10-11 1.02 0.98 41.24 4.36 
 
Table A.16: Ethane UCI-CTM sensitivities for the geologic footprint. (Etiope and Ciccioli, 2009).  
   Sensitivity 
[ppt/Tg y-1] 
k  
[cm3 molecule-1 s-1] 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
6.090 x 10-12 2.61 0.38 91.63 22.04 
6.525 x 10-12 2.46 0.41 87.95 20.33 
6.960 x 10-12 2.33 0.43 84.66 18.85 
7.308 x 10-12 2.23 0.45 82.26 17.80 
8.700 x 10-12 1.93 0.52 74.28 14.54 
1.740 x 10-11 1.07 0.93 49.97 6.82 
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Table A.17: Acetylene UCI-CTM sensitivities for the global GFED3 biomass burning footprint (van 
der Werf., 2010) 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.70 1.44 13.96 6.79 
4.125 x 10-30 6.225 x 10-13 0.65 1.54 13.08 6.17 
4.400 x 10-30 6.640 x 10-13 0.61 1.64 12.29 5.65 
4.620 x 10-30 6.972 x 10-13 0.58 1.72 11.73 5.28 
5.500 x 10-30 8.300 x 10-13 0.49 2.04 9.92 4.13 
1.100 x 10-29 1.660 x 10-12 0.24 4.13 5.01 1.48 
 
Table A.18: Acetylene UCI-CTM sensitivities for the tropical biomass burning footprint (30°N - 
30°S). 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.68 1.46 2.96 7.00 
4.125 x 10-30 6.225 x 10-13 0.64 1.56 2.63 6.36 
4.400 x 10-30 6.640 x 10-13 0.60 1.67 2.34 5.80 
4.620 x 10-30 6.972 x 10-13 0.57 1.75 2.15 5.42 
5.500 x 10-30 8.300 x 10-13 0.48 2.08 1.56 4.22 
1.100 x 10-29 1.660 x 10-12 0.24 4.24 0.38 1.47 
 
Table A.19: Acetylene UCI-CTM sensitivities for the boreal biomass burning footprint (>50°N). 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.78 1.28 112.56 0.07 
4.125 x 10-30 6.225 x 10-13 0.73 1.37 106.84 0.05 
4.400 x 10-30 6.640 x 10-13 0.69 1.46 101.68 0.04 
4.620 x 10-30 6.972 x 10-13 0.66 1.53 97.90 0.03 
5.500 x 10-30 8.300 x 10-13 0.56 1.80 85.24 0.01 
1.100 x 10-29 1.660 x 10-12 0.29 3.46 47.09 0.00 
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Table A.20: Acetylene UCI-CTM sensitivities for the non-boreal biomass burning footprint (50°N-
90°S). 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.69 1.45 4.22 7.45 
4.125 x 10-30 6.225 x 10-13 0.64 1.56 3.81 6.78 
4.400 x 10-30 6.640 x 10-13 0.60 1.66 3.47 6.20 
4.620 x 10-30 6.972 x 10-13 0.57 1.74 3.22 5.79 
5.500 x 10-30 8.300 x 10-13 0.48 2.07 2.48 4.54 
1.100 x 10-29 1.660 x 10-12 0.24 4.21 0.85 1.62 
 
Table A.21: Acetylene UCI-CTM sensitivities for the Australia biomass burning footprint. 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.70 1.42 0.79 13.19 
4.125 x 10-30 6.225 x 10-13 0.66 1.52 0.63 12.09 
4.400 x 10-30 6.640 x 10-13 0.62 1.62 0.52 11.13 
4.620 x 10-30 6.972 x 10-13 0.59 1.70 0.44 10.45 
5.500 x 10-30 8.300 x 10-13 0.49 2.03 0.24 8.31 
1.100 x 10-29 1.660 x 10-12 0.25 4.08 0.01 3.09 
 
Table A.22: Acetylene UCI-CTM sensitivities for the southern hemisphere Africa biomass burning 
footprint. 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.61 1.64 0.60 7.38 
4.125 x 10-30 6.225 x 10-13 0.57 1.76 0.47 6.67 
4.400 x 10-30 6.640 x 10-13 0.53 1.89 0.37 6.05 
4.620 x 10-30 6.972 x 10-13 0.50 1.99 0.30 5.62 
5.500 x 10-30 8.300 x 10-13 0.42 2.40 0.15 4.30 
1.100 x 10-29 1.660 x 10-12 0.19 5.14 0.01 1.39 
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Table A.23: Acetylene UCI-CTM sensitivities for the southern hemisphere South America biomass 
burning footprint. 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.86 1.17 0.70 20.34 
4.125 x 10-30 6.225 x 10-13 0.81 1.24 0.57 18.85 
4.400 x 10-30 6.640 x 10-13 0.76 1.31 0.47 17.54 
4.620 x 10-30 6.972 x 10-13 0.73 1.37 0.40 16.60 
5.500 x 10-30 8.300 x 10-13 0.63 1.60 0.23 13.53 
1.100 x 10-29 1.660 x 10-12 0.32 3.08 0.02 5.39 
 
Table A.24: Acetylene UCI-CTM sensitivities for the Southern Hemisphere (0-90°S) biomass burning 
footprint. 
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.71 1.42 0.78 11.61 
4.125 x 10-30 6.225 x 10-13 0.66 1.52 0.63 10.65 
4.400 x 10-30 6.640 x 10-13 0.62 1.61 0.51 9.80 
4.620 x 10-30 6.972 x 10-13 0.59 1.69 0.44 9.21 
5.500 x 10-30 8.300 x 10-13 0.50 2.01 0.24 7.32 
1.100 x 10-29 1.660 x 10-12 0.25 4.07 0.02 2.70 
 
Table A.25: Acetylene UCI-CTM sensitivities for the Southern Hemisphere to 5°N biomass burning 
footprint (5°N-90°S).  
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.70 1.42 1.05 10.53 
4.125 x 10-30 6.225 x 10-13 0.66 1.52 0.87 9.63 
4.400 x 10-30 6.640 x 10-13 0.62 1.62 0.73 8.85 
4.620 x 10-30 6.972 x 10-13 0.59 1.70 0.64 8.30 
5.500 x 10-30 8.300 x 10-13 0.49 2.02 0.39 6.56 
1.100 x 10-29 1.660 x 10-12 0.24 4.08 0.05 2.39 
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Table A.26: Acetylene UCI-CTM sensitivities for the fossil fuel footprint (Lamarque et al., 2010)  
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.79 1.26 37.02 2.71 
4.125 x 10-30 6.225 x 10-13 0.74 1.34 35.27 2.47 
4.400 x 10-30 6.640 x 10-13 0.70 1.42 33.71 2.26 
4.620 x 10-30 6.972 x 10-13 0.67 1.48 32.57 2.12 
5.500 x 10-30 8.300 x 10-13 0.58 1.73 28.81 1.69 
1.100 x 10-29 1.660 x 10-12 0.31 3.21 17.64 0.73 
 
Table A.27: Acetylene UCI-CTM sensitivities for the biofuel footprint (Yevich and Logan., 2000)  
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.81 1.24 39.52 3.38 
4.125 x 10-30 6.225 x 10-13 0.76 1.32 37.71 3.08 
4.400 x 10-30 6.640 x 10-13 0.72 1.40 36.10 2.83 
4.620 x 10-30 6.972 x 10-13 0.69 1.46 34.92 2.65 
5.500 x 10-30 8.300 x 10-13 0.59 1.71 31.02 2.12 
1.100 x 10-29 1.660 x 10-12 0.31 3.21 19.29 0.91 
 
Table A.28: Acetylene UCI-CTM sensitivities for the geologic footprint (Etiope and Ciccioli, 2009)  
    Sensitivity 
[ppt/Tg y-1] 
k0 
[cm3 molecule-1 s-1] 
k∞  
[cm3 molecule-1 s-1 
Lifetime  
[months] 
keff 
[months
-1] 
Greenland Antarctica 
3.850 x 10-30 5.810 x 10-13 0.85 1.17 48.69 5.82 
4.125 x 10-30 6.225 x 10-13 0.81 1.24 46.81 5.45 
4.400 x 10-30 6.640 x 10-13 0.76 1.31 45.12 5.13 
4.620 x 10-30 6.972 x 10-13 0.73 1.36 43.88 4.91 
5.500 x 10-30 8.300 x 10-13 0.63 1.58 39.71 4.20 
1.100 x 10-29 1.660 x 10-12 0.36 2.81 26.54 2.33 
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APPENDIX D 
CTM perturbations and sensitivity calculations  
 Perturbation experiments were designed to estimate the response (sensitivity) of ethane 
and acetylene levels over Greenland and Antarctica to small changes in emissions from various 
spatial/temporal geographic patterns of major ethane and acetylene sources. These perturbations 
were done by defining a reference model simulation of the modern atmosphere (“base case”) of 
an ethane-like and acetylene-like tracer species. The “base case” of these species had emissions 
from fossil fuel and biomass burning. The tracer species reacts in the model with the same OH 
lifetime and stratospheric loss as ethane and acetylene but does not affect the background 
chemistry and OH field. Perturbations were carried out whereby the sources of ethane and 
acetylene tracer were increased by 5% (or some known amount) relative to the “base case” and 
the sensitivity was calculated as follows:  
Sensitivity =
𝑝𝑝𝑡perturbation
−1 − 𝑝𝑝𝑡base case
−1
Tg yperturbation
−1 − Tg ybase case
−1  
 
in units of ppt-1/Tg y-1 of global ethane and acetylene emissions from a particular source. Ethane 
and acetylene levels (in ppt) were calculated by integrating the mass of the compound up to 
vertical layer 19 (roughly 500 hPa) and integrating the mass of air up to the same level over the 
horizontal regions (ex: from 60-90°N).   
 Sensitives were computed for ethane and acetylene levels over Greenland and Antarctica 
from perturbations to biomass burning, biofuels, fossil fuels, and geologic emissions. 
Sensitivities were also calculated from perturbations to biomass burning from different 
geographic regions. These sensitivities were used in Nicewonger et al. (2018) to develop a 
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preindustrial ethane budget based on ice core data. Table A.29 shows the resulting model 
sensitivities for ethane and acetylene from perturbations of each source/geographic region. Table 
A.30 describes each perturbation run.  
205 
 
 
Table A.29: UCI-CTM sensitivities for ethane and acetylene for Greenland (GRN) and Antarctica 
(ANT) from different perturbation simulations. The methane chemical (OH) lifetime in the UCI-CTM 
is 8.96 years. These sensitivities were used in Nicewonger et al. (2018).  
   Modeled sensitivities 
(ppt/Tg y-1) 
   Ethane Acetylene 
Source Geographic  
region  
Fraction of  
total global 
emissions 
(DM %) 
GRN ANT GRN  ANT  
Fossil fuel Globe 100 9.8 9.2 41.8 2.5 
Biofuel Globe 100 65.4 11.4 32.2 2.2 
Geologic  Globe 100 80.9 12.9 -- -- 
Biomass 
burning 
      
 Non-boreal 91 18.4 24.2 4.3 4.7 
 Boreal – All  9 190.5 2.4 83.1 0.1 
 Boreal - Siberia 7 189.7 2.9 90.8 0.1 
 Boreal - Europe 0.2 169.6 0.0 88.0 0.0 
 Boreal –North America  2.7 177.9 2.1 85.0 0.0 
 Southern Hemisphere Africa  28 10.4 25.5 1.2 4.7 
 Southern Hemisphere America  13 7.1 47.8 0.8 13.2 
 Australia  7 7.9 35.3 0.9 7.7 
 Tropics  13.7 23.3 2.8 4.5 
 High southern latitudes 0.9 3.6 99.3 0.5 35.0 
 Globe 100 33.2 21.1 11.8 4.3 
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Table A.30: Description of UCI-CTM perturbation model runs used in Nicewonger et al. (2018) 
Perturbation Description 
Fossil fuel 5% increase in global fossil fuel emissions  
Biofuel Addition of biofuel source of ethane and 
acetylene with a geographic distribution 
based on Yevich and Logan (2000). Base 
case did not have a biofuel source of ethane 
and acetylene.  
Geologic  Addition of a geologic source of ethane 
with a geographic distribution based on 
Etiope and Ciccioli (2009). Base case did 
not have a geologic source of ethane  
Biomass burning: non-boreal 5% increase in biomass burning emissions 
from 50°N to 90°S (all longitudes) 
Biomass burning: boreal – all 5% increase in biomass burning emissions 
from 50°N to 90°N (all longitudes)  
Biomass burning: boreal – Siberia  5% increase in biomass burning emissions 
in the Siberian boreal zone bound by 50-
90°N and 45-180°E 
Biomass burning: boreal – Europe 5% increase in biomass burning emissions 
in the European boreal zone bound by 50-
90°N and 30°W-45°E 
Biomass burning: boreal – North America 5% increase in biomass burning emissions 
in the North American boreal zone bound 
by 50-90°N and 45°-180°W 
Biomass burning: Southern Hemisphere 
Africa  
5% increase in biomass burning emissions 
in the southern hemisphere portion of 
Africa bound by 0-35°S and 13-60°E 
(includes Madagascar and small islands 
Biomass burning: Southern Hemisphere 
America 
5% increase in biomass burning emissions 
in southern hemisphere America bound by 
0-60°S and 35-81°W 
Biomass burning: Australia 5% increase in biomass burning emission 
Australia bound by 9-55°S and 111-168°E 
Biomass burning: High southern latitudes 5% increase in biomass burning emissions 
from 30-60°S (all longitudes) 
Biomass burning: Tropics 5% increase in biomass burning emissions 
from 30°N to 30°S (all longitudes) 
Biomass burning: Globe 5% increase in global biomass burning 
emissions (all latitudes and longitudes) 
 
 
 
